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Summary 
 
 
Polyethylene (PE) is widely used in packaging and agricultural industries because of its low cost 
and unique combination of properties such as high strength, light weight, water resistance, high 
stability and ease of fabrication. Each year a considerable amount of PE waste accumulates at 
landfill sites, and it takes a very long time to biodegrade. Since PE waste is not always retained in 
the upper level of a landfill for a long time, it can undergo very limited oxidation. In an attempt to 
solve the polymer degradation problem, researchers have identified a simple and inexpensive 
method that involves blending PE with pro-oxidants, which enhances oxidation significantly. The 
PE-pro-oxidant blend, known as oxo-biodegradable polyethylene, has been found to undergo 
oxidation rapidly but experiences very little biodegradation. Researchers have found the residues 
of oxo-biodegradable PE mulching film under the soil even after a long period of time indicating 
that they do not support much microbial growth. 
 
Meanwhile, a few recent studies have shown that PE nanocomposites exhibit greater polymer 
degradation rates. Polymer nanocomposites or polymer-layered silicate nanocomposites (PLSN) 
have received wide attention recently because of their improved mechanical, thermal, flame 
resistant and barrier properties compared with those of plain thermoplastics. These improvements 
have been observed with low filler content (2–6 wt%). One of the widely used inorganic fillers, 
montmorillonite clay (MMT), has been reported to help in microbial growth by maintaining the 
pH of the environment at levels conducive to the growth of microbes and providing more 
hydrophilic surface area. Despite these studies, comprehensive knowledge on the impact of clay 
on the biodegradation of PE is still lacking. 
 
This work aims to evaluate the suitability of polyethylene-layered silicate nanocomposites as a 
biodegradable polymer that can degrade through the oxo-biodegradation process. One of the main 
objectives of the thesis is to investigate the combined effect of nanoclay and a commercial pro-
oxidant on the photo-degradation and biodegradation of PE. This study also investigates whether 
the roles of nanoclay and pro-oxidant in biodegradation can be achieved by using modified 
nanoclay that has been prepared by synthesising a pro-oxidant on the surface of unmodified 
MMT.  
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In this work, PE nanocomposites were prepared by melt intercalation and their films were 
prepared using a blown film unit. The films were subjected to photo-oxidation in a 
weatherometer for a period of two weeks and the photo-oxidised films were then subjected to 
biodegradation using the micro-organism Pseudomonas aeruginosa for a period of two months. 
The progress of photo-oxidation was followed by FTIR (carbonyl compounds concentration) and 
GPC (molecular weight) while that of biodegradation was followed by ESEM (bio-film growth), 
FTIR and GPC analyses. Experiments were carried out with film samples of PE, PE 
nanocomposite, oxo-biodegradable PE and oxo-biodegradable PE nanocomposite.  
 
FTIR results of photo-oxidised PE and PE nanocomposites indicate that the concentration of 
carbonyl compounds formed during the oxidation process is higher in nanocomposites. GPC 
results indicate that the molecular weight of polymer in both samples has decreased during the 
photo-oxidation but the reduction is greater for nanocomposites. These results indicate clearly 
that the nanoclay helps to increase the rate of photo-oxidation of PE. Similar results were 
observed with film samples of oxo-biodegradable PE and PE nanocomposites (samples with pro-
oxidant) but the rate of degradation is much greater in samples with pro-oxidant than those 
without pro-oxidants. This observation confirms that the pro-oxidant helps to increase the 
oxidation rate. The main consequence of the photo-oxidation is the formation of low molecular 
weight polymer fragments with end functional groups. These fragments are considered to be 
more susceptible to biodegradation by the microbes.  
 
FTIR results of the biodegraded film samples of nanocomposites show that the concentration of 
carbonyl compounds decreases with time. But GPC results of these samples show that the mean 
molecular weight increases with time indicating that the fraction of low molecular weight 
fragments are metabolised by microbes, leaving fractions with high molecular weight fragments. 
ESEM images show the faster growth of biofilm on nanocomposite compared with pure PE film 
samples. All these results indicate clearly that the presence of nanoclay helps to increase the 
biodegradation of low molecular fragments produced during photo-oxidation. The presence of 
pro-oxidant was found to have no major effect on biodegradation.  
 
PE nanocomposites were also prepared in this work using nanoclay modified with two different 
pro-oxidants. They are: Co2+-18-crown-6-ether and Co2+- polyethylene glycol monolaurate (PEG 
monolaurate). The modified clay is expected to play the role of pro-oxidant as well as the 
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intercalant in nanocomposites. It was found that photo-oxidised and biodegraded nanocomposite 
film samples prepared with crown ether exhibit degradation results that are similar to those of a 
commercial pro-oxidant. The degradation (both photo-oxidation and biodegradation) results of 
samples with PEG monolaurate are found to be the best compared with those of all the other 
samples used in this study.  
 
In conclusion, nanoclay in oxo-biodegradable PE nanocomposites enhances both the photo-
oxidation and biodegradation of polyethylene. However, the oxo-biodegradable PE 
nanocomposite that contains Co2+- PEG monolaurate is the most efficient because it provides a 
low-cost solution to reduce PE waste. 
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1 Chapter 1 Introduction and objectives 
 
1.1 Introduction 
 
Although the developments in the plastics industry contribute to the improvement of the standard 
of human life, the resulting plastics waste causes many serious problems such as the increase in 
municipal solid wastes. The dramatic increase in the production and lack of biodegradability of 
commercial polymers, particularly commodity plastics used in packaging and agriculture 
industries, has focused public attention on a potentially huge environmental accumulation and 
pollution problem that could persist for centuries (Albertsson, Andersson & Karlsson 1987). 
Plastic bags have been around for many years and it is estimated that 1 trillion bags are used 
worldwide and discarded every year. In 2007 alone, Australians used 3.9 billion plastic bags a 
year, which are over 10 million bags per day. A significant amount of these bags came from 
supermarkets, service stations, convenience stores, liquor stores and other retail shops. An 
estimated 3.76 billion bags are disposed into landfill sites in one year. In 2002, around 50 to 80 
million bags ended up as litter in our environment. Australian capital cities will reach their 
present landfill capacity by 2010. There are two major reasons why plastic bags are particularly 
problematic in the litter stream: (1) they last from 20 to 1000 years, (2) due to their light weight 
they can easily float in air and water, thus travelling long distances. So the impact of plastic bags 
on the environment is quite significant. Plastic bags can also have many harmful effects on 
aquatic and terrestrial animals. Many thousands of marine mammals and sea birds die every year 
around the world as a result of plastic litter (Johnson 2009; Langeveld 2008). 
 
Among all the plastic waste, polyethylene (PE) accounts for almost 40% due to its short-term 
usage and long-term functionality (Weiland, Daro & David 1995). PE is one of the fastest 
growing commercial thermoplastic materials due to its low cost and desirable properties such as 
high strength, good barrier properties, light weight, water resistance and higher stability (Singh & 
Sharma 2008). The continuous use of PE in packaging and agricultural applications produces a 
large quantity of plastic waste each year. Several studies have been carried out on PE degradation 
and almost all have proven that PE is an inert polymer with good resistance to the action of 
micro-organisms. The hydrophobicity, high molecular weight and larger dimensions of the PE 
molecule limit its degradation. However, some recent studies have revealed that the oxidation 
 2 
products of PE are biodegradable (Albertsson, Andersson & Karlsson 1987; Albertsson, & 
Karlsson 1990; Scott & Wiles 2001). 
 
It is relevant to ask why PE was selected in this work as a basis for biodegradable polymers 
rather than natural polymers such as cellulose, which is already used as cellulose acetate in 
packaging. Cellulose acetate is known to be slowly biodegradable but it suffers from a number of 
technical deficiencies of which the most important one is the extraction of cellulose from natural 
products which is both energy intensive and polluting. Furthermore, the modification of cellulose 
by acetylation to obtain technologically acceptable products sharply reduces the environmental 
biodegradability of the polymer. So a correct balance between technological acceptability and 
ultimate biodegradability is difficult to achieve for cellulose acetate. By contrast, PE had already 
achieved a central position in the distribution of consumer goods because of its desirable 
properties. PE is particularly important in blown film technology and injection moulding because 
of the ease with which it can be converted into other forms and its low cost (Scott & Wiles 2001). 
 
Currently, governments around the world have identified the risk of plastic litter and taken 
several actions to reduce plastic waste. One of them is the introduction of reusable bags or green 
bags in retail shops. As a result of that, PE bag usage has fallen from around 6 billion in 2002 to 
3.9 billion in 2007 (Johnson 2009; Langeveld 2008). Another action is to encourage the 
development and use of degradable plastic bags. This has directed researchers towards the 
preparation of environment friendly degradable PE.  
 
It has been concluded by many researchers that the attack by micro-organisms is a secondary 
process in polymer degradation. The primary process is oxidation, which is the first step of 
biodegradation. It is now clear that even the most recalcitrant polymer can be degraded to some 
extent in the appropriate environment at the right concentration (Shah et al 2008). It is also clear 
that the polymer has to be reduced to low molecular weight products so that they can be 
consumed by micro-organisms (Albertsson, Andersson & Karlsson 1987; Erlandsson, Karlsson & 
Albertsson 1997).  
 
Nature uses a combination of abiotic and biotic processes to return its own waste to the natural 
carbon cycle. Abiotic peroxidation and hydrolysis of man-made polymers normally precede the 
bioassimilation of low molar mass products in the environment. Previous research has focused on 
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different biodegradation mechanisms and revealed that hydro-biodegradation and oxo-
biodegradation are the two main mechanisms by which both natural and synthetic polymers 
undergo degradation (Scott & Dan 1995). Since PE structure mainly consists of long hydrocarbon 
chains, it cannot undergo hydro-biodegradation. It is widely accepted that PE biodegradation 
occurs mainly by oxidation  followed by biodegradation as proposed by Albertsson, Andersson 
and Karlsson (1987). According to this mechanism, the polymer is oxidised in the environment 
(abiotic stage) and ends up with oxidation products which are then assimilated by naturally 
occurring micro-organisms (biotic stage).  
 
Environmental factors such as temperature, UV radiation and mechanical stresses affect the 
abiotic oxidation process leading to the reduction of molecular weight of the polymer and the 
production of several polar functional groups. Oxygen is one of the essential elements required 
for the abiotic degradation. The smaller polymer fragments with carboxylic group that are 
generated in abiotic oxidation can be assimilated easily by micro-organisms (Albertsson, 
Andersson & Karlsson 1987; Smith 2005). 
 
Several recent studies have found that photo-oxidation can also lead to the degradation of PE 
(Albertsson, & Karlsson 1990; Arnaud et al 1994; Hamid, Amin & Maadhah 1992). Photo-
oxidative degradation is the process of decomposition of materials in the presence of UV light, 
which is one of the primary sources of material damage at ambient conditions (Albertsson, 
Andersson & Karlsson 1987). The photodegradation of polymer is initiated with the formation of 
polymer radicals due to the breakup of chemical bonds in the polymer chain. The UV radiation in 
the 290–320 nm range is equivalent to the energy required to dissociate C-C and C-H bonds and 
produce free radicals (Singh & Sharma 2008). The free radicals formed by this cleavage act as 
initiators of the polymer degradation. Photo-oxidation can be also enhanced by introducing 
chromophores into the materials or by copolymerisation with a small amount of monomers that 
contain carbonyl groups or by using transition metal compounds such as metal stearate and 
dithicarbomates (Albertsson, & Karlsson 1995).  
 
Attempts have also been made to decrease the long-term functionality of PE by blending it with 
bio-polymers or pro-oxidants (Dintcheva, Tzankova & La Mantia 2007; Erlandsson, Karlsson & 
Albertsson 1997; Gattin et al 2002; Soares et al 2005). At present, the degradation process of 
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commercially available degradable PE is induced by enhancing the abiotic oxidation stage by 
mixing the polymer with pro-oxidants (transition metal ion complexes). 
 
A number of papers have discussed the photo-oxidation of PE in the presence of pro-oxidants 
(Roy et al 2006; Sharma et al 2001; Vogt & Kleppe 2009). It has been found that the chain 
cleavage that takes place due to the catalytic action of pro-oxidants induces oxidation. The 
oxidised PE with lower molecular weight and higher hydrophilicity is more susceptible to 
microbial attack. 
 
Inorganic fillers are often added to PE to form composites or nanocomposites in which the filler 
serves to enhance the mechanical properties. Nanocomposites are a new class of filled polymers 
in which inorganic fillers such as clay platelets at the nanometer scale are dispersed in a polymer 
matrix. In recent studies on PE degradation, it has been found that PE nanocomposites exhibit a 
greater degradation rate compared with PE (Adams & Wilkie 2001; Qin et al. 2003). Adams and 
Wilkie (2001) reported that the photo-oxidative degradation of polypropylene nanocomposites is 
greater than that of pure polypropylene. Similar results were reported by Qin et al (2003) for PE 
nanocomposites. Qin et al  proposed a mechanism in which the main cause for this enhancement 
is considered to be the acidic sites created on the clay surface by thermal decomposition of 
ammonium ions in the clay. Also, it has been found in another study that nanoclay enhances the 
rate of biodegradation of biopolymers (Ray & Okamoto 2003). 
   
The above studies on the photo-oxidation of polymer nanocomposites are useful because of their 
significance in solving the problem of PE biodegradability. Although there is evidence that clay 
helps in the photo-oxidation, its influence on radical chain mechanism or on the overall 
photoaging of the PE nanocomposites is not clear yet. This study aims to investigate the role of 
clay on the photo-oxidative degradation and biodegradation of PE nanocomposites systematically.  
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1.2 Aims and objectives of the research project 
  
As discussed above, knowledge on the influence of pro-oxidants and nano-clay on photo-
oxidation and biodegradation is still lacking in spite of many past researches on PE 
biodegradation. Nor there have been many attempts to investigate the effect of pro-oxidant in the 
presence of clay or vice versa on biodegradation of PE. Since PE waste has become a significant 
environmental problem, it is worth while obtaining detailed knowledge on oxo-biodegradation 
(oxidation + biodegradation) mechanisms of PE nanocomposites. 
 
The present study investigates the effect of montmorillonite clay, which is commonly used to 
improve the mechanical properties of PE, on the photodegradation of PE. The knowledge 
obtained from this investigation will be useful in the design of more environmentally friendly 
degradable polymeric materials. Furthermore, to induce the biodegradability of PE using a single 
additive, a pro-oxidant complex was synthesised on unmodified montmorillonite surface and 
used as filler. This material can act as an intercalant for the nanocomposite system as well as a 
pro-oxidant for photo-oxidation. 
 
 
The specific objectives of the present work are to:  
 
• prepare PE nanocomposites by melt intercalation  
• evaluate the structure-property relationship of PE nanocomposites by examining the 
morphology, mechanical, thermal and rheological properties 
• prepare oxo-biodegradable PE and oxo-biodegradable PE nanocomposites with optimal 
concentrations of pro-oxidant  and variable concentration of clay 
• evaluate the effect of pro-oxidant and clay on the photo-oxidation process individually 
and together 
• understand the mechanism of photo-oxidation of PE, PE nanocomposites and oxo-
biodegradable nanocomposites 
• evaluate the effect of pro-oxidant and clay on the biodegradation process individually and 
together 
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• understand the mechanism of biodegradation of PE, PE nanocomposites and oxo-
biodegradable nanocomposites 
• synthesise a pro-oxidant complex on unmodified clay and study the oxo-biodegradation 
process in the presence of modified clay 
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2 Chapter 2 Theory and Literature Review 
 
2.1 Overview of polymer biodegradation 
2.1.1 Generation of plastic waste  
 
Plastics are man-made long chain polymeric molecules. More than half a century ago, synthetic 
polymers began to be used as substitutes for natural polymers such as cellulose and lignin for 
higher durability and stability. Now synthetic polymers are widely used in almost every realm of 
human life and they have become indispensable. Plastic usage has doubled every four to five 
years since 1970. As a result, high usage plastic has became one of the fastest growing 
components of the waste stream (Smith 2005). Since most plastics are derived from the basic 
materials extracted from oil, coal and natural gas, there is some concern regarding their 
sustainability. 
 
Synthetic plastics are used extensively in packaging and agricultural industries. They are used in 
higher amounts for reasons such as low price, safety and convenience handling (Figure 2-1) 
(Bafna 2004). According to recent statistics, out of the total plastic production, 41% is used in 
packaging industries. The plastics used in these industries are generally polyolefins, polystyrenes 
and polyvinyl chlorides, which are produced from fossil fuels. These materials usually end up as 
undegradable wastes. The lack of degradability and dramatic increase in production and usage 
has led to a huge accumulation of plastic waste which is an environmental pollution problem that 
could persist for centuries.  
 
In the past, most of the plastic waste was stored at landfill sites, incinerated or reused after 
recycling. Land filling is a temporary solution for plastic waste because it will hand over the 
present problem to the next generation. Moreover the number and size of land filling sites are 
becoming limited with increasing population. Incineration of plastic waste, on the other hand, 
produces a large amount of carbon dioxide and increases global warming. Also, some other toxic 
gases, such as sulfur dioxide and nitrogen dioxide, produced during incineration contribute to the 
environmental pollution.  In addition, burning polyvinyl chloride (PVC) plastics produces 
persistent organic pollutants known as furans and dioxins (Shah et al 2008). Although recycling 
seems to solve the problem, it requires considerable expenditure and ends up with low-quality 
 8 
products compared with the original products. Also, recycled plastics cannot be used in food 
packaging applications due to the issue of contamination.  
 
Figure 2-1: Quantities distribution used in agriculture in the last two decades (Kalus 2007) 
 
 
Since polymers help to improve the standards of human life, there is an urgent need for the 
design and development of environmentally friendly biodegradable plastic materials. The service 
life of such biodegradable material has to be controlled to ensure safe use of the product during 
its service life with no failure. After the service life, it should be able to degrade in the natural 
environmental by natural environmental factors such as sunlight, temperature and finally by the 
action of micro-organisms. The most widely used polymeric materials that have been developed 
in the past are characteristically durable and inert in the presence of microbes. Although the 
stability of the polymer is important to its long-term performance, in many applications such as 
fast food and packaging industries, only short-term performance is required. Polymers remain 
relatively immune to microbial attack as long as their molecular weight remains high with large 
dimensions. 
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2.1.2 Degradable polymers  
 
Degradation of polymers is an irreversible process leading to a significant change in structure, 
typically characterised by a loss of properties and/or fragmentation (Pandey et al 2005). 
Degradable polymers are materials that undergo significant structural modifications such as 
reduction of molecular weight when placed in suitable environmental conditions (Chiellini, Emo 
& Solaro 1996). Based on the degradation mechanism, degradable polymers can be classified as 
into four categories. They are discussed in detail below. 
 
1. Biodegradable polymers: Materials that can be converted into either CO2 and H2O or CH4 
and H2O, respectively under aerobic or anaerobic conditions by the action of 
microorganisms. 
 
The definition of biodegradable plastic used by the ASTM D 602 is that a degradable plastic is 
the one in which the degradation results from the action of naturally occurring micro-organisms 
such as bacteria, fungi and algae. It is important to have a good understanding of the 
biodegradation mechanisms during the design of degradable polymers and also select a proper 
disposal method. Degradable materials are those that disappear with finite time as a result of a 
combination of naturally occurring processes such as photodegradation, thermal degradation, 
hydrolysis and biodegradation. Biodegradation can be defined as the natural process in which 
the organic compounds in the environment are converted into simpler compounds, mineralised 
and redistributed through elemental cycles such as the carbon, nitrogen and sulphur cycles. 
Biodegradable polymers (Smith 2005) can be classified into two main groups according to their 
origin: 
 
1. Natural origin biopolymers 
E.g.  – polysaccharides (starch, cellulose, lignin) 
        – proteins  
           – polyesters (produced by micro-organisms, plants or bio-derived monomers) 
           – miscellaneous polymers (natural rubber) 
 
2. Mineral origin bio-polymers 
E.g. – liphatic polyesters 
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       – aromatic polyesters 
       – polyvinyl alcohols 
       – modified polyolefins (PE or polypropylene with specific additives)  
 
Biodegradable polymers may be made from bio-polymers such as starch, cellulose or can be 
synthesised by bacteria from small molecules like butyric acid that give polyhydroxybutyrate 
(PHB). Other types of biodegradable material are derived from petroleum sources such as 
aliphatic polyesters or aliphatic aromatic co-polyesters. The biodegradable polymers made from 
renewable resources like polylactides (PLA) have attracted much attention in recent years since 
they are more environmentally friendly compared with the petroleum-based biodegradable 
polymers. Polymers with an ester group are sensitive to attack by non-specific esterase secreted 
by micro-organisms. Since polyhydroxyalkanoate is a thermoplastic polymer with excellent 
properties, it has received a lot of attention as an environmentally friendly thermoplastic 
material. But the higher cost of these materials restricts their use in many applications (Smith 
2005). 
 
Polysaccharide bio-polymers such as starch are rarely used in applications by themselves now; 
instead they are blended with other components to improve their physical properties and 
degradability. Currently, the mulch film used in agriculture is composed of 6–15% starch, 
LDPE and a transition metal compound that can improve the photo- and thermo-oxidative 
degradation of the polyolefin’s phase. But, the degradation period is still very long according to 
recent experiments. The PE phase was found in the soil even after many years. In a low oxygen 
concentration environment in the soil, polymer radicals combine with each other instead of 
oxidation and end up with high molecular weight fragments (Feuilloley et al 2005). 
    
In the environment, the degradation of polyolefins (PE and PP) is very slow because they are 
only susceptible to limited oxidation and microbiological processes. By adding special 
additives, it is possible to enhance the oxidation process of polyolefins with heat or light. The 
additives will degrade the long carbon chains of the polymer into small fragments and then, the 
micro-organisms can degrade the residues into biomass and CO2.  
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2. Hydrolytically degradable polymers  
Hydro-biodegradation is defined as the “biodegradation in which polymer chain cleavage is 
primarily due to hydrolysis which may be mediated by abiotic chemistry, micro-organisms or a 
combination of both” (Smith 2005). 
 
Naturally occurring polymers containing polysaccharides and the synthetic polymers prepared 
by condensation reactions initially undergo a hydrolytic process in the presence of water and 
then break into small fragments when they are catalysed by enzymes. Hydrolysis of 
polysaccharides produces sugars that can be assimilated readily by micro-organisms. In the 
case of polyesters such as poly-hydroxyl alkanoates (PHA) and polycaprolactone (PCL), 
hydrolysis results are dicarboxylic acids, diols and hydroxyl carboxylic acids which are more 
suitable for bioassimilation (Smith 2005). 
 
3. Photodegradable polymers 
Photodegradable polymers are thermoplastic synthetic materials that undergo oxidative 
degradation due to exposure to UV light and oxygen.  
 
The most deleterious part of total solar radiation is the UV radiation (wavelength region of 
290–400 nm), which may be the most important factor in the photolysis of polymers used for 
outdoor purposes. However, pure PE is not expected to absorb UV radiation in this wavelength 
range. An efficient way to transfer the light energy into the polymer backbone is to make a 
copolymer with, for example, carbon monoxide, which acts as a chromophore. They are 
prepared by the synthesis of a sensitised copolymer and using additives that will increase 
photosensitivity for the purpose of weakening the bonds of the polymer. Photo sensitisers used 
include diketones or carbonyl-containing species. In photodegradable polymers, in the presence 
of sunlight, initially some bonds in the polymer chain are broken by Norish I and II reactions 
leaving more brittle lower molecular weight compounds which  can be further degraded by 
physical stresses and biodegraded  to a certain degree (Shah et al 2008). These processes cause 
a loss of tensile strength in polymer and increase its brittleness (Albertsson, Andersson & 
Karlsson 1987). The rate of degradation depends not only on the type and amount of 
photodegradants present, and the type of outdoor exposure, but also on the thickness of the 
plastic article, amount of pigment, other additives present, and the type of polymer used. 
Commercial pigments like ZnO, TiO2, and CdS were examined for their influence on the 
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photodegradation, and results showed that the presence of pigments can accelerate or retard the 
polymer photodegradation depending on their photo activity (Anagha & Sanjay 2006).  
 
4. Auto-oxidisable polymers 
Polymeric materials undergo degradation by the oxidative degradation process due to the 
presence of carbonyl, hydroperoxide and vinyl groups as impurities. These groups can be 
generated during the polymer processing, when the material undergoes oxidative degradation 
by heat or light. They are recognised as the species responsible for polymer instability and the 
presence of these species can accelerate the radical formation in the polymer matrix and lead 
to degradation (Hartley & Guillet 1968; Scott 1965). This concept is applied to enhance the 
polymer degradation and accelerate the bioassimilation of polymers after their service 
lifetime. 
 
2.1.3 Environmental polymer biodegradation mechanisms 
 
Since the production of biodegradable polymers is rapidly increasing, understanding the polymer 
biodegradation mechanisms is essential to design and develop new biodegradable polymers. 
Polymeric materials undergo degradation when they are continuously exposed to biological, 
chemical and/or physical actions in the environment. Environmental polymer degradation can be 
summarised as shown in Figure 2-2. Biodegradation was originally defined as the decomposition 
of substances by the action of micro-organisms, which will lead to the mineralisation of organic 
compounds to generate new biomass. However, at present, researchers recognise it is difficult to 
give a proper definition for biodegradation due to its complexity (Lucas et al 2008). 
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Figure 2-2: Environmental polymer biodegradation mechanism 
 
During the biodegradation of polymeric materials, as a result of the combined actions of micro-
organisms and other decomposer organisms, and abiotic factors such as UV light, heat and 
mechanical stress, the polymeric material is broken down into small fractions. Then the 
molecular weight of these fractions is reduced by catalytic enzymes secreted by micro-organisms. 
Polymer fragments that are small enough to go through the microbial cells cross the membrane to 
cytoplasm where they are utilised to produce energy. This process is called assimilation. Finally, 
in the mineralisation stage of the biodegradation process, the simple molecules that are 
completely oxidised are released into the environment. The larger polymer fragments undergo 
further cleavage by the actions of extra cellular enzymes and other abiotic factors (Lucas et al 
2008). 
 
It has been identified already that, in nature, both biotic and abiotic factors act simultaneously on 
organic compounds during biodegradation (Albertsson & Karlsson 1995). Sometimes the abiotic 
parameters act as a synergistic factor or as an initiator for the biodegradation process 
(Jakubowicz, Yarahmadi & Petersen 2006). Past studies have concluded that micro-organisms 
can utilise polymers with molecular weight less than 500 Daltons. Hence it is essential to reduce 
the molecular weight of the polymers to this level for the initiation of the biodegradation.  
 
Therefore it is clear that biodegradation takes place in two stages in the environment: abiotic 
degradation and biotic degradation. The rate of biodegradation can be increased by accelerating 
the abiotic degradation stage (Jakubowicz 2003). 
Environmental polymer 
Abiotic degradation 
Oxidation Hydrolysis 
Biotic degradation 
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2.1.4 Biodegradation of polyethylene  
 
PE is the most widely used thermoplastic polymer material and it accounts for 40% of the entire 
plastic usage in the world. Although it shows excellent properties, it has a very simple structure 
made up of CH2- repeating units. PE is produced by addition polymerisation of ethylene (Figure 
2-3). Depending on the processing pressure and temperature during polymerization, the polymer 
(PE) leads to the generation of side groups (branches) that can interfere with the crystallinity and 
density of the polymer. PE with a higher degree of branching with low density is known as low-
density PE (LDPE) and the one with a lower degree of branching with high density is known as 
high-density PE (HDPE). 
 
PE is a synthetic polyolefin whose backbone consists of only long carbon chains. The 
characteristic structure of PE makes it inert and non-susceptible to biodegradation. It has been 
found that the resistance of conventional plastics to micro-organisms is primarily due to three 
factors (Scott & Dan 1995). They are: 
 
1. Low surface area and relative impermeability of plastics films and moulded objects. 
 
2. Very high molecular weight of the plastic materials. Micro-organisms tend to attack the ends 
of large carbon chain molecules and the number of ends is inversely proportional to the molecular 
weight. 
 
3. Highly hydrophobic nature of the polymer restricts the absorption of moisture, which is an 
essential factor for microbe growth.  
 
PE consists of molecules with very high molecular weight (Mw), several hundreds of –CH2 –units 
assembled together. Molecular size makes it inaccessible to cytoplasm of micro-organisms where 
the molecules can be digested by the intracellular enzymes. Like other macromolecules, PE 
cannot be disintegrated into small fragments which can cross through the cytoplasmic membrane 
since PE has very limited chemical reactivity. Only the rare defects in the PE backbone such as 
branching, double bonds or carbonyl groups can act as reactive centres. However, it has been 
identified that some micro-organism strains could utilise low molecular weight PE (Chiellini et al 
2003).  
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Figure 2-3: Formation of PE by addition polymerisation 
 
Since the PE molecule is highly hydrophobic, it has a limited number of free chain ends that can 
be used by micro-organisms. So the first step in biodegradation of polymers is the chain cleavage, 
which leads to the formation of low molecular weight fragments that can be utilised by microbes. 
This cleavage is caused by hydrolytic or oxidative chain scissions. PE molecules are densely 
aligned and form a semi-crystalline structure which reduce the diffusion of water and oxygen 
through the polymer and limit the cleavage. 
 
 Depending on the initial step in biodegradation, environmental polymer biodegradation is known 
to occur by two mechanisms (Scott & Dan 1995):  
 
1. Hydro-biodegradation  
2. Oxo-biodegradation  
In hydro-biodegradation, polymers initially undergo cleavage by the hydrolytic process under 
microbial activity or non-microbial activity. Non-microbial conditions are auto-catalysed by heat 
or catalytic metals. The hydrolytic process is usually called hydrolysis, and it is the reaction by 
which a molecule of water breaks a bond in the polymer. It is basically an exchange where one of 
the reactants is water and the other is the compound being hydrolysed. Polyesters and cellulosics 
are examples of polymers that are most prone to such attack. Cleavage of the ester bond, which 
occurs more readily under acidic or alkaline conditions, leads to the lowering of molecular weight 
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via the hydrolysis mechanism and later allows for further degradation by micro-organisms 
(Anagha & Sanjay 2006). 
 
During oxo-biodegradation, UV light, heat, catalytic metals and enzymes help in oxidative chain 
scission with the help of atmospheric oxygen (Shah et al 2008). Polymers mainly with 
hydrocarbons are resistant to water and do not undergo hydrolysis but still they are broken at 
temperatures around 70◦C or in light at ambient temperatures. The rate of oxo-biodegradation is 
directly related to the rate of abiotic peroxidation and the structure of the polymer (Wiles & Scott 
2006). 
 
2.1.5 The need for biodegradable polyethylene  
 
Synthetic polymers accumulate in the environment as a waste at a rate of 25 million metric tons 
per year and 64% of that represents PE, which is usually discarded after only brief use. Also the 
PE waste in composting plants contaminates the compost and ultimately requires other processes 
for PE removal (Ojeda et al 2009). To reduce the impact of plastic waste on the environment, 
there is an urgent need to design PE that would perform properly and disappear at the end of its 
useful life. The first attempt to develop degradable plastic was made 40 years ago. Since then 
increasing concern has been expressed by environmentalists about the accumulation of plastic 
litter in the sea and on the land and there is now an essential need to find more effective ways of 
dealing with plastics waste and litter. A considerable proportion of this plastic waste was PE 
waste due to its high usage. Biodegradable products based on polyolefins and polyesters have 
been widely evaluated in packaging and agricultural products.  
 
The essential features of degradable PE include an induction period during which the properties 
of the polymer do not change. This is followed by rapid deterioration of mechanical properties 
due to environmental factors such as UV light. The third stage involves the incorporation of the 
polymer into the ecosystem by continued oxidation and assimilation of the oxidation products, 
which are biologically recycled into carbon dioxide and water (Scott 1990). 
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2.2 Oxo-biodegradation 
According to the mechanism proposed by (Albertsson, Andersson & Karlsson 1987) 
biodegradation occurs in two stages:   
 
1. Abiotic oxidation  
2. Biotic degradation 
The initial abiotic oxidation is an important step and it becomes the rate-determining step for the 
entire degradation process. The effect of temperature and/or sunlight leads to abiotic oxidation 
and generates low molecular weight polymer fragments that can be easily utilised by microbes 
(Albertsson, Andersson & Karlsson 1987; Scott & Dan 1995). Various strategies have been used 
to make PE biodegradable. Blending PE with biodegradable polymer such as starch or additives 
that will accelerate the oxidation (pro-oxidants) is the widely used method to enhance PE 
biodegradation (Sharma et al 2001). 
 
Oxo-biodegradable plastics can be defined as plastics with specific additives in their composition 
known as pro-degrading substances (pro-oxidant). The pro-oxidants undergo oxidative 
degradation (by the action of heat and/or ultraviolet radiation) much more rapidly and produce 
oxidation products that more susceptible to biodegradation (Smith 2005). Polymer chain cleavage 
is primarily due to oxidation, which may be mediated by abiotic degradation, biodegradation by 
micro-organisms or a combination of both.  
 
The most active pro-degradants are based on transition metal combinations that are capable of 
yielding two metal ions of similar stability with an oxidation number differing by one unit, for 
example, Mn2+/Mn3+ (Jakubowicz, Yarahmadi & Petersen 2006). Polymeric materials containing 
pro-oxidants are known as oxo-biodegradable polymers. A pro-oxidant structure can be 
incorporated into the polymeric chain by chemical modification or as an additive (Botelho et al 
2004). Pro-oxidants contain mainly cobalt, manganese and iron compounds as well as 
polyunsaturated substances. Generally, pro-oxidants are added at very low concentrations (1–2%) 
without changing the original polymer properties. At present, oxo-biodegradable PE is used as a 
mulch film in agriculture, retail shopping bags and garbage bags. According to recent 
investigations, the compost with oxo-biodegradable polymers is eco-friendly and not toxic to soil 
organisms (Koutny, Lemaire & Delort 2006). 
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2.2.1 Abiotic oxidation stage (photo-oxidation) 
 
Photodegradation occurs by the activation of the polymer molecule through absorption of 
photons of light. Sensitivity of polymers to photodegradation is related to their ability to absorb 
the harmful part of tropospheric solar radiation. This includes the UV-B terrestrial radiation 
(~295–315 nm) and UV-A radiation (~315–400 nm). Most plastics tend to absorb high-energy 
radiation in the ultraviolet portion of the spectrum, which activates the electrons to higher 
reactivity and causes oxidation, cleavage and other degradation (Shah et al 2008). 
 
Two quite distinct processes that use sunlight as the initiator have to be distinguished. The first 
involves photolysis of polymers containing UV-sensitive groups and the second involves photo-
initiators for the oxidation of the polymer substrate (Scott 1990). During the abiotic oxidation of 
the polymer (by heat and/or sunlight) the molar mass of PE molecule is reduced to a lower value 
so it can go across the cell membrane.This process also converts  the nature of the PE substrate 
from hydrophobic to hydrophilic (Koutny, Lemaire & Delort 2006).  
 
Photo-oxidative degradation is also considered to be the process of decomposition of materials in 
the presence of UV light, which is one of the primary sources of material damage at ambient 
conditions (Albertsson, Andersson & Karlsson 1987). It has been recognised for many years that 
carbonyl chromophores introduced into polymers by oxidation during processing are responsible 
for the commencement of the degradation of polymer immediately on exposure to UV light 
predominantly by the Norrish II reaction (Figure 2-4). This reaction leads to the reduction in 
molecular weight without an apparent induction period. For products that require a period of 
stability, conventional UV stabilisers have to be added (Scott 1990).  
 
 
 
 
Figure 2-4: Reaction scheme for Norrish II reaction 
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Polyolefins will eventually undergo continuous oxidative degradation in the environment, at a 
very slow rate, and the rate of oxidation depends mainly on the environmental factors such as 
temperature, UV radiation, and mechanical stress and so on. The photodegradation is initiated 
with the formation of polymer radicals due to the breakup of chemical bonds in the polymer 
chain. The UV radiation in the 290–320 nm range is equivalent to the energy required to 
dissociate C-C and C-H bonds and produce free radicals (Singh & Sharma 2008). The free 
radicals formed by this cleavage act as initiators for the polymer degradation. PE does not contain 
any functional groups in its molecular structure that would be capable of absorbing UV radiation. 
However, it has been revealed that PE absorbs UV and degrades. Residual catalysts, thermal 
processing degradation products, process impurities and fillers act as sources of UV light-
absorbing chrompores. Table 2-1 shows that enough energy is available from sunlight to break 
many of the chemical bonds in organic compounds by the absorption of UV light through the 
above-mentioned chromophores (Hamid, Amin & Maadhah 1992). Generally the absorption of 
light during photo-oxidation leads to a loss of toughness in PE slowly until it reaches the 
embrittlement point, which occurs after 95% loss of original impact resistance (energy to break). 
At embrittlement, a relatively high concentration of carbonyl compounds, carboxylic acids and 
esters can be identified on the polymer surface. 
 
 
Table 2-1: UV light energy versus bond strength (Hamid, Amin & Maadhah 1992) 
 
Chemical bond Bond dissociation 
energy (kcal/mol) 
Wave length (nm) 
C-H (primary) 99 280 
C-H (tertiary) 85 300 
C-H (allylic) 77 300 
C-C 83 340 
C=C 145 360 
C-Cl 78 400 
C=O 186  
Si-H 76  
-O-O- 66  
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During photo-oxidation two types of process occur: 
 
1. Primary photo-chemical reactions due to the absorption of radiation which leads to the 
formation of free radicals or non-radical rearrangements 
 
2. Radicals initiate a number of reactions that are independent of light 
 
Photo-oxidation can also be enhanced by introducing photoinitiators such as chromophores into 
the materials or copolymerisation with a small amount of monomers, that contain carbonyl 
groups, or by using transition metal compounds such as metal stearate and dithiocarbomates 
(Albertsson & Karlsson 1995). In the case of photo-initiated degradation, light is absorbed by the 
photo-initiator, which leads to its break-up into free radicals. This will further initiate the 
degradation of polymer macromolecules. Both photo- and thermal degradation processes usually 
occur simultaneously and one of these can accelerate the other.  A number of papers have 
discussed the photo-oxidation of PE in the presence of pro-oxidants (David et al 1992; Roy et al 
2008). 
 
It is generally recognised that some oxidation of polyolefins occurs during their melt processing 
which generates a very low concentration of hydroperoxide groups that are attached to the carbon 
atoms in the polymer chains. Also in the presence of heat, UV and oxygen, polymer abiotic 
degradation is initiated with the formation of alkyl peroxide, which will again decompose into 
alkoxy radical and hydroxyl radical as shown in Figure 2-5. 
 
 
 
 
 
 
 
 
 
 
 
 21 
RH (UV, O2)                       ROOH 
ROOH (heat and /or UV light)                                     RO● + ●OH 
  
 Hydrogen abstraction      ROH + R● R● + H2O 
 β Scission                        R=O +  R● 
 
R●   + O2                                                                                   RO2● 
RO2● +RH                                                                                       ROOH + R● 
 
 
Figure 2-5: Schematic of degradation process due to UV exposure (Woo et al 2007) 
 
(Where RH represents a polyolefin molecule and RO● represents alkoxy radical) 
 
The alkoxy radical (RO●) is highly unstable. It will decompose spontaneously and lead to the 
formation of stable prodcuts scuh as ketones and aldehydes. These carbonyl compounds will 
undergo further oxidation to produce acids and esters (Albertsson, Andersson & Karlsson 1987; 
Kandiloti et al 2006). The spontaneous decomposition of alkoxy radial can lead to the β oxidation 
or abstraction of hydrogen atom from a nearby polymer chain segment. These reactions will not 
result directly in molar mass reduction but will result in the formation of another alkyl radical 
(R●) on a polymer chain which can initiate another oxidation sequence, thereby increasing the 
rate of photo-oxidation. 
 
 
Polymers with enhanced photo-oxidisability can be divided into two sub-divisions as follows: 
 
1. Those that contain an organo-soluble metal ion (generally in the form of carboxylate), which 
acts as a thermal and/or photo pro-oxidant for the polymer. 
 
2. Those that contain a sulphur complex metal ion (e.g. Fe(III) dithiocarbamate), which is 
initially an antioxidant but photolysed during outdoor exposure, liberating the free metal ion, 
which then assumes its normal pro-oxidant function (Scott-Gilead process). 
 
RH RH 
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Pro-oxidants are incorporated into PE in the form of stearate or other organic ligand complexes 
(Arnaud et al 1994; Jakubowicz 2003; Weiland, Daro & David 1995). Hydroperoxides, the 
primary products of the above free radical chain reaction, can undergo thermolyse or photolyse 
reactions under the catalytic action of pro-oxidants, leading to chain scission and the production 
of low molecular mass oxidation products (Roy et al 2005). These redox reactions lead to a 
lowering of the activation energy of bimolecular peroxide decomposition and enhance the radical 
formation (Figure 2-6). 
 
 
ROOH + Mn    RO ● + OH- + M n+1  
 
ROOH + M n+1    ROO● + H+ + Mn 
 
2ROOH               RO ● +ROO● + H2O 
 
Figure 2-6: Schematic of accelerated hydroperoxide decomposition due to transition metal ions  
(Woo et al 2007) 
 
 
 
In addition to the catalytic decomposition of hydroperoxides, there are other possible   modes of 
action of metallic compounds as accelerators as shown in Figure 2-7 (Hamid, Amin & Maadhah 
1992). 
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(a) Direct reaction with the substrate 
RH +MX2  R● + MX + HX 
 
RH + MX R● + M + HX 
 
(b) Activation of oxygen 
M n+ +O2 M n+…….O2 
M n+…….O2 +RH    M n+ + R● + ● O2H 
 
(c) Decomposition of metallic compounds 
 
MX  M + X● 
RH + X● R● + HX 
 
(Where RH represents a polyolefin molecule and MX represents the metallic compound) 
 
Figure 2-7: Modes of catalytic decomposition of hydroperoxides by the action of metallic compounds as 
accelerators 
 
 
All the above reactions produce radicals that subsequently attack the polymer molecule and 
accelerate the photo-oxidation. 
 
Photo-oxidation leads to chain scission and cross-linking and both processes lead to mechanical 
property changes. Chain scissions cause the release of chain entanglements. This leads to the 
reduction of mechanical properties, which mainly depend on the entanglement network. Also, 
chain entanglement can lead to secondary crystallization, which restricts deformation and 
increases ductility (Craig et al 2005). When comparing the photo-reactivity of three main types of 
PE, namely low-density PE (LDPE), linear low-density PE (LLDPE) and high-density PE 
(HDPE), it has been observed that the LDPE has the highest photo-reactivity due to the highly 
reactivity of branch points it has (Craig et al 2005). However the stabilisers that are added to 
improve PE stability (anti-oxidant) in an outdoor environment make it hard for PE to degrade. 
 
ђν 
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The products of abiotic degradation will be used in a biotic environment by micro-organisms. So 
it is important to identify these products. A large number of different degradation products have 
been identified after photo- and thermo-oxidation of PE blends such as LDPE-starch, LDPE-pro-
oxidant and a combination of LDPE, pro-oxidant and starch. The degradation products include 
alkanes, alkenes, ketones, aldehydes, alcohols, carboxylic acids lactones and esters. Although the 
rate of degradation is different in each of the above combinations, the product patterns are the 
same in all materials (Albertsson, Barenstedt & Karlsson 1994). Photo-oxidative materials have a 
larger market especially in agricultural applications (mulch films) while truly biodegradable 
polymers, in general, so far have had a limited economical value. 
 
2.2.2 Biotic stage (microbial degradation of polyethylene) 
 
PE is generally considered as bio-inert. In a long-term study on the biodegradation of 14C-labeled 
PE, Albertsson and Karlsson (1993)  have found that after 10 years of incubation in soil, less than 
0.5% carbon (by weight) was released as CO2 from UV irradiated PE while less than 0.2% of 
carbon was released as CO2 by non irradiated PE. However, it has been revealed that the 
oxidation products of PE are readily biodegradable. By adding one or more sensitising additives 
or structural units to pure PE, the rate of oxo-biodegradation can be enhanced. 
 
There is a belief that hydrocarbon polymers do not biodegrade if their molar mass is above 500 
Daltons or they have n-alkanes higher than C44H90  (Jakubowicz, Yarahmadi & Petersen 2006). 
But the bio-erosion of carboxylic acids and other oxidation products takes place at the surface of 
the photo-oxidised PE, where these products act as nutrients for the growth of microbes in the 
absence of any other source of carbon. It was shown in a previous study of a commercial 
photodegradable PE that low mass products are removed from the surface of the polymer by 
bioerosion without affecting the molar mass of the bulk polymer, so the biodegradation of photo-
degradable PE begins at Mw 40,000 (Bonhomme et al 2003).   
 
The biodegradation process may be more efficient if the microbes can form a biofilm on the PE 
surface. The colonisation of PE can be facilitated by adding nonionic surfactant to the medium, 
which will accelerate the biodegradation by increasing the hydrophilicity of the PE surface, 
which is a favourable condition to bacterial adhesion (Hadad, Geresh & Sivan 2005). Also the 
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addition of a small amount of mineral oil into the culture medium increases both bio-film 
formation and subsequent biodegradation (Gilan, Hadar & Sivan 2004). According to the 
previous research done by several groups, some of the microbes can use PE more efficiently. 
Among these microbes, Pseudomonas aeruginosa species show excellent results due to their 
nutritional versatility. They are able to degrade starch, phenols agar and hydrocarbons 
(Albertsson & Karlsson 1993). In this study, Pseudomonas aeruginosa is used for the microbial 
degradation of PE. 
 
2.2.2.1 Pseudomonas aeruginosa 
 
 
Scientific classification 
Kingdom : Bacteria 
Phylum    : Proteobateria 
Class  : Gamma 
Order  : Pseudomonadales 
Family  : Pseudomonadaceae 
Genus  : Pseudomonas 
Species : aeruginosa 
 
 
Figure 2-8: Picture of Pseudomonas aeruginosa 
 
Pseudomonas aeruginosa is a member of the gamma proteobacteria class of bacteria. It is a gram 
negative and rod-shaped bacterium that has an incredible nutritional versatility. Pseudomonas 
aeruginosa is a free-living bacterium, commonly found in soil and water. However, it occurs 
regularly on the surfaces of plants and occasionally on the surfaces of animals. It is a facultative 
aerobe soil bacterium that can survive in both aerobic and anaerobic conditions. Its preferred 
metabolism is respiration. It gains energy by transferring electrons from glucose to oxygen, 
atmospheric oxygen becoming the final electron acceptor. In the absence of oxygen, it can also 
ferment arginine by substrate-level phosphorylation and gain energy. When it is under anaerobic 
conditions, it can also use nitrate as a terminal electron acceptor instead of oxygen. This then 
makes Pseudomonas aeruginosa a ubiquitous micro-organism. Pseudomonas aeruginosa groups 
tend to form biofilms, which are complex bacterial communities that adhere to a variety of 
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surfaces such as metals, plastics and tissues. Bio-films are characterised by ‘attached for survival’, 
because once they are formed they can start reproduction and are difficult to destroy (Lederberg 
2000). 
 
Pseudomonas aeruginosa strains are able to biosynthesise rhamnose-containing surfactants also 
known as rhamnolipids. These are one of the extracellular lipids produced by Pseudomonas and 
they also possess surfactant qualities. The surfactant qualities of the rhamnolipid are helpful in 
removing hydrocarbons from soil. Some investigators have shown that biodegradation rates of 
hydrocarbons increase when rhamnolipid is added to the growth medium. Production of 
rhamnolipid also increases under nitrogen limitations and limitations of divalant cations such as 
Mg and Fe (Chen & Zhu 2005). 
 
2.3 Estimation techniques of polymer degradation 
 
Polymer degradation takes place in two stages: abiotic and biotic degradation as mentioned above. 
There are different analytical techniques to monitor these two stages. 
 
2.3.1 Methods of assessment of abiotic polymer degradation 
 
Abiotic degradation changes polymer morphology, mechanical properties, chemical properties, 
crystallinity and thermal stability. These changes can be monitored by using many analytical 
techniques. Various methods that have been used to investigate the degradation are summarised 
by Pandey et al (2005). 
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Figure 2-9: Abiotic degradation monitoring methods 
 
 
2.3.1.1 Fourier transform infrared spectroscopy  
 
Chemical changes or the formation of functional groups on the polymer surface during 
degradation can be monitored using Fourier transform infrared spectroscopy (FTIR). From the 
experimental point of view, infrared spectroscopy (IR) is the most widely used tool for photo-
oxidation studies in the past few years. However, mass spectroscopy and 13C NMR have also 
been employed. In IR analysis, the absorption of IR frequencies by samples placed in the path of 
a beam of light are measured. A proton beam bombards the surface of the sample and as a 
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consequence energy is emitted after excitation. The frequency of the emitted or absorbed 
radiation is related to the energy differences associated with the molecular vibrations and 
rotations characteristic of chemical groups such hydroxyl and carbonyl. In abiotic oxidation, 
three main regions of the IR spectrum are considered (Hamid, Amin & Maadhah 1992). They are:   
 
1. The O-H stretching (3200–3600 cm-1): 
In the hydroxyl region, the broad band peaking up at 3400 cm-1 is composed of the O-H 
stretching of hydroperoxides and alcohols, with a very weak contribution by the OH 
group in carboxylic acids.  
 
2. Vinyl groups (1641 cm-1) 
 
3. Carbonyl stretching (C=O): 
The range of C=O stretching is more important because oxidation leads to the appearance 
of a broad band with several maxima peaking between 1700 1 and 1800 cm-1. The 
carbonyl region is composed of carboxylic acids (1712 cm-1), ketones (1723 cm-1), 
aldehydes (1730 cm-1), and lactones (1780 cm-1) 
 
All these peaks grow with increased exposure time. Carbonyl groups usually account for most of 
the oxidation products. The concentration of carbonyl compounds in degraded samples is also 
expressed in terms of carbonyl index (CI). The carbonyl index is defined as the ratio of the 
absorbance of any carbonyl compounds to that of the invariant methylene (-CH2) absorbance 
(Albertsson & Karlsson 1987). This index is widely used in polymer degradation studies. 
Moreover CI values can be used to predict the change in molecular weight of the polymer during 
the degradation process (Chiellini et al 2006). 
 
2.3.1.2 Gel permeation chromatography 
 
This is a separation technique that is based on the mass of the polymer molecule. Molecular 
weight changes can be considered as a crucial observation during abiotic and biotic degradations. 
Hence it is important to monitor the molecular weight variations during PE degradation. Gel 
permeation chromatography (GPC) or size exclusion chromatography is the most common 
method to monitor the polymer molecular weight. Since polymers are made up of combination of 
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a large number of monomers, different molecules have different molecular weight. Therefore, 
they always have a molecular weight distribution rather than a unique value. The number average 
molecular weight (Mn) depends on the number of molecules present in the polymer and the 
weight average molecular weight (Mw) depends on the weight of each polymer molecule. The 
ratio between those two molecular weights, (Mw/Mn), is known as the polydispersity index. These 
are the three most important results that can be obtained from GPC. 
 
When the polymer molecule mixture with different sizes passes through the GPC column filled 
with porous granules, large molecules are excluded from small pores and come out first, whereas 
small molecules are retained for a longer time in those pores and therefore take time to come out 
of the column. The time taken by specific molecular fractions to elute is known as retention time. 
The molecular weight of the polymer molecules can be obtained according to the retention time 
by using a calibration plot. 
 
2.3.2 Mechanisms and estimation techniques of microbial degradation of 
polymers 
 
Biodegradation is considered to take place in three stages: biodeterioration, biofragmentation and 
assimilation. The biodegradation rate in these three stages can be measured using different 
techniques. 
 
2.3.2.1 Biodeterioration  
Biodeterioration is a superficial degradation that changes the mechanical, physical and chemical 
properties of a given material due to the action of micro-organisms growing on the surface or 
inside a given material. Microbes develop on the polymer surface by the formation of consortia 
with a structured organisation called biofilm. Microbes can adhere to material surfaces by a glue-
type substance, which is a complex matrix that consists of polysaccharide and proteins, and 
increase the biodeterioration facilitating the production of simple molecules. These small 
molecules act as carbon and nitrogen sources and accelerate the growth of micro-organisms. Also 
it has been revealed that some atmospheric pollutants such as sulfur dioxide, aliphatic and 
aromatic hydrocarbons act as potential nutrients for some micro-organisms. The intracellular 
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polymers produced by micro-organisms such as rhamnolipids can act as surfactant that facilitates 
the exchanges between hydrophilic and hydrophobic phases (Lederberg 2000; Ramos 2004). 
 
Enzymes involved in biodeterioration break the specific bonds in the polymer using relevant 
enzymes in the presence of cofactors (cations or coenzymes). The biodeterioration of 
thermoplastic polymers can undergo bulk or surface erosion. 
 
Several methods can be used to estimate the biodeterioration: 
 
• Evaluation of macroscopic changes visually on the polymer surface such as formation of 
holes and cracks, biofilm formation and colour change.  
• Measuring weight loss is a frequently used technique but the weight loss can be due to 
evaporating of volatile and soluble components in the substance. 
• Internal biodeterioration can be measured by measuring the changes in rheological 
properties, mechanical properties (tensile strength, elongation at break) and crystalinity. 
• Product formation can also be used as an indicator for biodeterioration and the products 
may vary depending on the type of substrate.  
 
 
2.3.2.2 Biofragmentation 
 
Polymer molecules with considerably higher molecular weight and large dimensions are unable 
to go through the cell wall or cytoplasmic membrane of the microbes. They have to be broken 
down into smaller fragments or a mixture of oligomers and monomers. To break the bonds 
between polymer molecules, several energy sources such as heat, light, mechanical, chemical and 
biological are required.  Biofragmentation is mainly due to the cleavage of the bonds in the 
substrate by the action of microbes. These microbes secrete specific enzymes or generate free 
radicals. 
 
Biofragmentation can be estimated by: 
 
• separating the oligomers with different molecular weights using gel permeation 
chromatography also known as size exclusion chromatography  
• High performance liquid chromatography (HPLC) and gas chromatography (GC), which 
are usually used to identify the monomers and oligomers in liquid or gas phases  
 31 
• Mass spectrocoscopy (MS)  and Nuclear magnetic resonance sepctroscopy (NMR) 
intermediate molecules  
• Fouier transform infrared spectroscopy (FTIR), which identify functional chemical 
changes 
 
2.3.2.3 Assimilation 
 
During assimilation there is an integration of atoms from fragments of polymeric materials inside 
microbial cells. As a result, the microbes gain energy, electrons and elements for their growth and 
reproduction while consuming the polymeric substrate. Monomers and oligomers surrounding the 
microbial cells must go through the cell membrane for assimilation with the help of membrane 
carriers. Transported molecules are oxidised through catabolic pathways conducing to the 
production of Adenosine triphosphate (ATP) and constitutive elements for the cell structure. 
Depending on the type and ability of the microbe to grow in aerobic or anaerobic conditions, 
there are three catabolic pathways to produce energy. They are: aerobic respiration, anaerobic 
respiration and fermentation. 
 
Assimilation is most commonly estimated by standard respirometric methods, which involve 
measuring oxygen consumption or evolution of carbon dioxide. The gases released can be 
detected by GC, FTIR and titrometry. Respirometric methods using complex media such as 
compost and radiolabelled polymer give more precise information of assimilation (Lucas et al 
2008). 
 
In addition to these techniques, differential scanning calorimtery (DSC), nuclear resonance 
spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), contact 
angle measurements and water uptake are also used in most studies to measure the 
biodegradability (Mallakpour & Rafiee 2008). 
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2.3.2.4 Quantification of bacterial growth on PE films 
 
The population of micro-organisms on PE films with different formulae can be measured in the 
laboratory by direct or indirect counts. The number of microbes can be directly counted by 
examining them under light microscope. Population density may be determined by observing 
some property that provides indirect evidence of microbial numbers. Some of the indirect 
methods are used to determine cell mass, or cellular constituents (DNA and protein), oxygen 
uptake, carbon dioxide production, turbidimetric measurements and plate count (Aneja 2005). 
 
Turbidity test 
Bacterial population on the biodegraded PE films can be quantified using a spectrophotometer 
based on the principle of turbidity determination. The amount of light absorbed or scattered is 
proportional to the mass of cells in the light path. Since the turbidity increases as the number of 
cells increase, this indicator is used as an indicator of bacterial density of broth. 
 
pH  
The pH meter is used to determine the pH (acidity or alkalinity of a solution) of various media 
used for the cultivation of microbes. The pH is an expression of the concentration of hydrogen 
ions (H+) in the solution. Growth and survival of micro-organisms are greatly influenced by the 
medium pH. The specific range of pH for bacteria is between 4 and 9. However, during the 
microbial growth, medium pH can change due to their metabolites thus affecting their growth. 
 
 
Counting of bacteria by plate count or serial dilution agar plate technique 
The plate count technique is one of the most routinely used procedures to count the viable cells. 
This method is based on the principle that when material containing bacteria are cultured, every 
viable bacterium develops into a visible colony on a nutrient agar medium. 
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2.3.3 Role of oxygen in microbial growth 
 
Micro-organisms vary in their need for or tolerance to oxygen during growth. There are four 
types of organisms with respect to oxygen needs and tolerances: 
 
1. Aerobes are micro-organisms that are capable of growing at full oxygen tension. Many aerobes 
can tolerate elevated levels of oxygen (greater than 21%). 
2. Microaerophiles are aerobes that can use oxygen only if it is present at reduced levels in air. 
3. Facultative organisms are those that, under appropriate nutrient and culture conditions, can 
grow in either aerobic or anaerobic conditions. 
4. Anaerobes are those organisms that lack respiratory systems and thus cannot use oxygen as the 
final electron acceptor. 
 
Energy metabolism in Pseudomonas aeruginosa is provided by the ability to use three major 
forms of catabolism: aerobic respiration using oxygen, anaerobic respiration using alternative 
electron acceptors and anaerobic metabolism of arginine. Under aerobic conditions, the preferred 
electron acceptor used by Pseudomonas aeruginosa is oxygen. However, when oxygen is not 
available, alternative external electron acceptors, including nitrate, nitrite or nitrous oxide, may 
be used for growth through a respiratory process termed denitrification. In the absence of nitrate 
or nitrite, arginine can be catabolised to ornithine using substrate-level phosphorylation, which 
then can be used as an energy source for anaerobic growth, although this growth is very slow 
(Lederberg 2000; Ramos 2004; Robert 1993).   
 
Most of the disposal environments in which used oxo-biodegradable PE is likely to be found have 
enough oxygen and water to ensure both oxidative degradation and subsequent biodegradation of 
the oxidation products. In the land filling sites, aerobic conditions occur at the active face. After 
some time, as the waste burden increases it creates anaerobic condtions. However, at this stage 
oxo-biodegradable PE has already undergone peroxidation to some extent, leading to some 
brittleness and fragmentation. This permits the free movement of gases and liquids into the bulk 
of waste so that as much of the organic component as possible biodegrades aerobically (Smith 
2005). 
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2.3.4 Previous studies on PE degradation  
 
Many of the physical and chemical properties of PE make it as an ideal material for a variety of 
products and applications. But the degradation of PE is a complicated process due its high 
molecular weight and hydrophobic nature. Large molecular dimensions make it inaccessible to 
intercellular system.  
 
In general, microbes often consume macromolecules by producing intracellular enzymes that 
disintegrate the large molecules into oligomers or monomers that can go though the cell 
membrane. The absence of any functional groups that are readily attacked by microbes is another 
reason why PE is bio-inert. Most of the functional groups can absorb water and wet the polymer 
surface. Moisture is one of the essential factors for microbe growth.   
 
PE molecules do not provide centres for nucleophilic or electrophilic attack and therefore their 
chemical reactivity is highly limited. The active centres in the PE structure are the rare defects in 
the polymer structure such as the tertiary carbons of branching, double bonds and oxygen-
containing groups. But the number of these defects is extremely low and therefore their 
involvement in the degradation process is negligible. These defects can enhance the oxidation of 
the polymer matrix but it is prevented by the addition of antioxidants. Moreover, in the solid state, 
PE forms semi-crystalline structures and closely packed hydrophobic PE chains. This structural 
arrangement limits the diffusion of oxygen and water through the polymer matrix (Albertsson, 
Barenstedt & Karlsson 1992; Scott & Dan 1995). 
 
Raghavan and Torma (1992) studied the biodegradation of commercially available PE by 
Aspergillus Niger using DSC and FTIR techniques. It was found that the adopted microbes are 
able to metabolise only a few portions of PE and the growth medium influences the 
biodegradation process significantly. In another study, it was found that Rhodococcus ruber is 
able to colonise and utilise PE in a liquid medium where the PE is the only carbon source (Sivan, 
Szanto & Pavlov 2006). However, the bacterial population was found to decrease with time. 
 
According to the past research on PE biodegradation, it is clear that PE is a bio-inert polymer 
with good resistance to micro-organisms. However, Scott (1975) concluded that attack by micro-
organisms is a secondary process. The oxidation of polymer matrix is the primary process and 
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this step determines the rate at which degradable PE is returned to the biological cycle. During 
abiotic oxidation, molecular weight of the molecule decreases to the value required for 
biodegradation to occur. Also the decrease in molar mass leads to the increase in the number of 
polymer chain ends, which are the locations at which many extra- cellular enzymes commonly 
react with a substrate.  
 
Albertsson, Andersson and Karlsson (1987) have confirmed this mechanism of PE 
biodegradation and also have shown that the biodegradation of PE is affected by preliminary 
irradiation of UV light in the presence of photo-sensitisers. Furthermore, a synergistic effect has 
been found between photo-oxidation, thermo-oxidation and biodegradation of PE. It was found 
that the abiotic-oxidation stage is a crucial step in PE biodegradation process and can be 
influenced by temperature and sunlight. The biodegradation of PE was found to be enhanced by 
oxidation pretreatment, which increases the surface hydrophilicity and the formation of carbonyl 
groups that can be utilised by micro-organisms. Hadad, Geresh and Sivan (2005) exposed LDPE 
to UV irradiation and then subjected it to biodegradation using a newly isolated bacterial 
thermophilic strain, Brevibacillus borstelensis, to study the effect of photo-oxidation on the 
extent of biodegradation. As expected, increasing the UV irradiation time was found to increase 
the biodegradation levels. Short molecular fragments formed in photo-oxidation are readily 
utilised by microbes.  
 
To enhance the environmental degradation of PE, a number of different approaches have been 
used. One of them is to make PE biodegradable by adding additives that will enhance the biotic 
or abiotic or both stages of the PE biodegradation process. One of the strategies used is to blend 
PE with biodegradable polymer such as starch in an attempt to make it biodegradable. In PE-
starch composites, the continuous phase is PE and the dispersed phase is starch. In the land-filling 
sites, starch is consumed by the microbes, which leads to hollows in the polymer matrix that are 
associated with the loss of mechanical properties and increase in permeability. These efforts will 
facilitate the oxygen diffusion and thereby abiotic oxidation. Moreover, in the presence of some 
water, starch particles can swell and disrupt the polymer surface. Also the enzymatic breakdown 
of the starch generates degradation products that attract microbes. The main problem associated 
with the use of starch as an additive is its hydrophilic nature compared with the hydrophobic 
nature of PE. Also starch particle size limits the amount that can be incorporated in the thin film 
production using the blown film process (Albertsson & Karlsson 1995). 
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It has been reported recently that PE has been also blended with polyesters (Polybutylene 
succinate –PBS and Polyethylene succinate–(PES)) to improve its biodegradation (Labuzek, 
Nowak & Pajak 2004). According to this study, polyesters primarily decompose and slightly 
accelerate the enzymatic oxidation of the PE carbon chain. 
 
In another approach, scientists try to modify PE by the addition of transition metal complexes, 
which are known as pro-oxidants. These blends are also known as oxo-biodegradable PE because 
the pro-oxidants help in the oxidation stage of the biodegradation process. Literature on oxo-
biodegradable PE is discussed in section 2.2. 
 
Biodegradation of thermally oxidised LDPE samples containing totally degradable plastic 
additives (TDPA), which is a pro-oxidant supplied by EPI Inc., was evaluated by Chiellini et al 
(2003). They concluded that LDPE-TDPA formulations are effective in promoting the oxidation 
and the subsequent biodegradation of PE in soil environments. 
  
The effect of ultraviolet exposure on the biodegradation of polypropylene (PP) with and without 
pro-oxidant additives was studied by Fechine et al (2009) to investigate the synergistic effect of 
pro-oxidant and UV radiation. The influence of UV-exposure radiation on the biodegradability of 
samples with and without pro-oxidant was analysed by the weight loss of the material after its 
burial in soil compost for the biodegradation. Fechine et al  concluded that biodegradability of 
synthetic polymers to which pro-oxidants are added strongly depends on the oxidative 
degradation stage. According to the study carried out by  Feuilloley et al (2005), the  oxo-
biodegradable PE  agricultural films is not biodegradable, which was determined from the 
standard biodegradation tests only. The study also reported that the fragmentation of the 
polyolefin occurs in the presence of heat and/or sunlight in real soil and biodegradation of oxo-
biodegradable PE is limited under low oxygen concentrations. They also found oxidised cross-
linked PE fragments in soil even after two years indicating the impact of oxo-biodegradable PE 
on the environment does not change much. 
 
There has been a new approach to induce the degradability of PE in which nano-clay has been 
used as an additive (Botta, Dintcheva & La Mantia 2009). According to Ray and Okamoto (2003), 
in the combination of polymer and nano-clay, the nano-scale often results in remarkable 
improvement of mechanical and functional properties of the polymer. Recent studies have also 
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recognised that clay can accelerate the rate of abiotic oxidation of the polymer matrix (Qin et al 
2005). According to experiments carried out by Qin et al (2003) on photo-oxidation, photo-
oxidative degradation of PE/OMMT (organically modified MMT) nanocomposites is faster than 
that of pure PE. They have suggested that the acceleration of photo-oxidative degradation of 
PE/OMMT nanocomposites is due to the effect of MMT and the ammonium ions that are used to 
modify the clay surface. They also mentioned that the dispersion state of MMT does not affect 
the degradation.  
 
A detailed study on the photo-oxidative degradation and conformational changes in PP/OMMT 
nanocomposites was carried out by Kandiloti et al (2006). They showed that, for the first time, 
the presence of OMMT in the polymeric matrix affects the oxidation mechanism and alters the 
relative intensities of the oxidation products. On the other hand, Li et al (2008) have suggested 
the presence of clay does not affect the composition of oxidation products. It can be seen that the 
role of nano-clay in the degradation process is still not clear. This study mainly focuses on the 
role of nano-clay in the PE biodegradation process. 
 
There are different types of organo-modified nano-clay, depending on the type of organic 
compound used to make it hydrophobic. According to a recent investigation by Botta, Dintcheva 
and  La Mantia (2009), polyolefin/cloisite 15A (higher concentration of organo-modifier) films 
show accelerated photo-oxidation compared with pololefin/cloisite 20A (low concentration of 
organo-modifier) films. The reason for this behaviour may be higher concentration of organo-
modifier, which helps the better dispersion of cloisite through the polymer matrix. Recently 
Nieddu et al (2009) observed that nano-clay improves the biodegradability of PLA-clay 
composites. They reported that hydroxyl groups can act as catalytic sites in the hydrolytic 
degradation of PLA. According to this study, nano-clay affects the biodegradation stage of PLA, 
which is polyester. Also the addition of some other types of nano-fillers such as CaCO3 and SiO2 
into polyolefins was found to make the photo-oxidation process much faster without changing the 
mechanism of photo-oxidation (Li et al 2008). 
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2.4 An overview of polymer-layered silicate nanocomposites  
2.4.1 Introduction to polymer-layered silicate nanocomposites 
 
Polymer nanocomposites can be defined as the combination of polymer matrix and additives that 
have at least one dimension in the nanometer scale. The term nanocomposites was used first by 
Roy and Komareneni (1984) to emphasise the fact that the polymeric product consists of two or 
more phases each in the nanometer size range. Since then the term nanocomposites has been 
universally accepted for a very large family of materials involving structures in the nanometer 
size range (e.g. 1–100 nm). Over the past decade, polymer nanocomposites have attracted 
considerable interest in both academia and industry because they exhibit improved mechanical 
strength, barrier resistance, flame retardency, and were resistant also in electrical, magnetic and 
optical properties with only a small amount of the nanoadditives. This is caused by a large 
surface area to volume ratio of nanoadditives compared with macro and micro additives, and 
strong interaction with polymer matrix by chemical bonding.  
 
The first polymer nanocomposites, nylon 6-clay hybrid, was developed by Usuki and his 
colleagues and used practically in 1990 by Toyota Company. Toyota was the first company to 
commercialise the polymer-layered silicate nanocomposites (PLSN) as parts in their cars. Later, a 
number of other companies also started investigating nanocomposites because nano-engineered 
materials have different final applications. Literature on polymer nanocomposites shows that 
these materials possess improved mechanical, thermal and optical properties and so on, compared 
with conventionally filled polymers (Giannelis 1996; Pinnavaia & Beall 2000). The present study 
focuses only on clay-based nanocomposites because they are to date the most promising polymer 
nanocomposites. 
 
The dispersion of organoclay particles in a polymer matrix can result in the formation of three 
general types of composite materials (Figure 2-10):  
 
(a) Conventional composites  
(b) Intercalated nanocomposites 
(c) Exfoliated nanocomposites  
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Figure 2-10: Three typical composites obtained from polymer and clay minerals 
 
 
The nano-scale dispersion of the inorganic layers typically optimises the mechanical, thermal, 
physical and chemical properties of the polymer matrix. In an exfoliated nanocomposites, bound 
polymer molecules at the inorganic surface result in dramatic improvement in their strength. 
Researchers have claimed that the resulting nanostructure is responsible for determining 
nanocomposite properties (Kotsilkova & Pissis 2007). 
 
2.4.2 Structure and properties of layered silicate 
 
Polymer-layered silicate nanocomposite systems consist of the base resin, the modified layered 
clay and a compatibiliser. The layered clays, which can be used to fabricate polymer 
nanocomposites, can be divided into three categories: natural clays (e.g. montmorillonite), 
hectorite, and synthesised clays (laponite, mica). Among them montmorillonite (MMT) is the 
most commonly used negatively charged layered clay in the preparation of nanocomposites. 
 
A layered silicate clay mineral is about 1 nm in thickness and consists of platelets of around 100 
nm in width, so it is filler with a large aspect ratio. Layered silicates commonly used in 
nanocomposites belong to the structural family of 2:1 phyllosilicates. The nanometer-thick layer 
forms by sandwiching an aluminum octahedron sheet between two silicon tetrahedron sheets. 
Isomorphic substitution of Al with Mg, Fe, Li in the octahedron sheets and/or Si with Al in 
octahedron sheets gives each three-sheet layer an overall negative charge, which is 
counterbalanced by exchangeable metal hydrated cations residing in the interlayer space, such as 
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Na+1, Ca 2+, Mg 2+ and Li+1 (Figure 2-11) However, the common formula for MMT is Mx(Al2-x 
Mgx)Si4O10(OH)2.nH2O (Pandey et al 2005). M indicates exchangeable ions represented by 
monovalent ions.  
 
In its pristine form, the clay is present as a crystal, which is made up of a stack of silica sheets 
(platelets) along the (002) plane of the crystal. These layers organise themselves in a parallel 
fashion to form stacks with a regular van der Waals gap between them, called interlayer or 
gallery. The presence of positive ions on the surface of the silica sheets increases the d-spacing in 
the (002) direction of the clay crystal, which generally varies from 1.0–1.3 nm. The presence of 
positive ions on the surface also makes the clay crystal (002) planes hydrophilic and thus 
incompatible with many polymers. The cations can be easily exchanged to proton (H+) by acid 
treatment to form acidic clay, or ion exchanged with other cations by treating with cationic-
organic surfactants, such as alkyl ammoniums, to form organophilic clay (Bhattacharya, Gupta & 
Musa 2007; Theng 1974).  
 
 
 
 
 
 
 
 
 
 
Figure 2-11: Schematic illustration of atoms arrangement in a typical MMT layer (Theng 1974) 
 
2.4.3 Modification of the layered silicate structure 
 
The important characteristics related to the application of clay particles are their shape, size 
surface area and surface charge. Also the high intercalation ability of MMT clay allows it to be 
chemically modified and makes it compatible with the organic polymers. It is also abundant in 
nature and can be obtained at low cost. But due to its hydrophilic nature, it is relatively 
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incompatible with most of the polymers including polyolefins. Therefore, organic treatment is 
required to make MMT hydrophobic and compatible with the organic polymer molecules. The 
resulting clays are called organoclays. One common commercially available clay is dioctadecyl 
ammonium-modified MMT. Studies on the interaction between clay minerals and organic 
compounds have been conducted over the last two decades. Currently, organoclays are the most 
dominant commercial nano-material used to prepare polymer nanocomposites (de Paiva, Morales 
& Valenzuela Díaz 2008). 
 
In most of the commercial applications, organically modified clay is mixed with a polar polymer 
such as EVA. Applications using non-polar polymers such polyolefins are very limited due to the 
low compatibility between the polymer and organoclay. Polyolefins (PE, PP) are the main 
thermoplastic polymeric material used in automotive and packaging industries where they have 
specially needed enhanced properties without significant increase in weight. For the greatest 
property enhancement in PLSN systems, it is generally believed that the clay layers should 
disperse as single platelets throughout the polymer matrix. This is termed as exfoliation. Proper 
organophilisatation procedure is a key step for the successful exfoliation of clay mineral particles 
in the polymeric matrix. It reduces the energy of the clay mineral and makes it more compatible 
with the organic polymer. By modifying the organoclay with a surfactant that can interact with a 
polar clay surface and non-polar polymer, the compatibility between the clay and polymer can be 
improved and the properties can be enhanced.  
 
For polyethylene (PE) or polypropylene (PP), there is very little or no interaction between the 
polar-modified clay layers and the non-polar polymer. In such situations, the following 
processing route is used, adding a small amount of a polymer, which is compatible with both clay 
and the polymer in which it is dispersed. The polar polymer enters the gallery first, pushes the 
clay layers apart and therefore increases the gallery height. This facilitates the non-polar polymer 
to enter the gallery. For example, maleic anhydride grafted PP was used as a compatibiliser in 
PP/clay nanocomposite (Loyens, Jannasch & Maurer 2005). Among the clay minerals, smectites, 
especially montmorillonite, have been used extensively to prepare organoclays because of their 
excellent properties, such as high cation exchange capacity, swelling behaviour, adsorption 
properties and large surface area (de Paiva, Morales & Valenzuela 2008). 
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Surfactant or clay modifier should offer adequate excess enthalpy for the complete and 
homogenous dispersion of MMT in polymer matrix. For most non-polar polymers, an alkyl 
ammonium surfactant is used as a modifier for the promotion of complete dispersion of filler into 
the polymer because hydrolysis is absent, desorption of free alkylamine is strongly reduced, and a 
large amount of organic material reduces the density of the dispersed particles (de Paiva, Morales 
& Valenzuela 2008). One of the key parameters for the modification of layered silicates is its 
charge density, which determines the concentration of exchangeable ions in the galleries. Alkyl 
ammonium ions are exchanged with sodium ions and intercalated between the clay layers. Since 
clay layers are negatively charged, they can make ionic interactions with the intercalated 
alkylammonium cations. Additionally, the organic cations may contain various functional groups 
that react with the polymer to improve adhesion between the inorganic phase and the matrix 
(Giannelis 1996). By changing the type and length of the alkyl chain, clay characteristics 
(hydrophilicity/hydrophobicity) of the organophilic clay can be changed. 
 
2.4.4 Nanocomposite preparation methods  
 
In general, three methods are used in the preparation of polymer–clay nanocomposites (Pandey et al 
2005). They are as follows: 
  
1. Solution method – Polymer and organo-modified clay are dissolved in an appropriate 
organic solvent. Intercalated nanocomposites form after solvent has evaporated. 
 
2. In-situ polymerisation method – Initiator or catalyst is usually pre-fixed inside the clay 
layers by the cationic exchange, and then the clay is swollen by a polar monomer solution. 
After a complete dispersion, the curing agent is added. Generally an exfoliated 
nanocomposite is formed in this method. 
 
3. Melt intercalation method – Blending of thermoplastic with silicate in order to optimise 
their interactions in the presence of a suitable compatibiliser in the molten state. 
 
All the above methods are aimed at achieving a single-layer dispersion of the layered silicate in 
the polymer matrix, because a high surface area is directly associated with the enhanced 
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properties of polymer–clay nanocomposites (Ray & Okamoto 2003; Utracki, Sepehr & Boccaleri 
2007). The degree of interaction between the clay and polymer matrix ultimately determines the 
morphological structure and the properties of nanocomposites. 
 
 
2.4.5 Polyethylene nanocomposites preparation by melt intercalation 
 
Melt intercalation is becoming attractive and quite a number of polymers have been melt 
intercalated into organically modified layered silicates. In this route, polymer and clay are fed 
either simultaneously or separately into a twin-screw extruder for blending. The melt 
intercalation method has great advantages over in-situ polymerisation or solution intercalation. 
Since there is no use of organic solvent, it is considered an environmentally friendly method. 
Also it is compatible with current industrial mixing processing techniques, and is an easy and 
cost-effective method of synthesising polymer nanocomposites (Shen, Simon & Cheng 2002). If 
the layered surfaces are sufficiently compatible with the chosen polymer, the polymer enters into 
the interlayer and forms either intercalated or exfoliated nocomposites.  
 
2.4.6 Rheology of polymer nanocomposites – an overview 
 
 
The rheological characterisation of polymer nanocomposites is based mostly on the dispersion of 
organoclay and the interactions between the polymer matrix and the clay surface in the synthesis 
of polymer/layered silicates (Kotsilkova & Pissis 2007). The viscosity of polymer 
nanocomposites is related to polymer molecular weight, and a good estimation of it at low shear 
rates can be obtained from the melt flow index test. The strain rate dependence of melt viscosity 
in polymer nanocomposite is related to its molecular weight distribution, which is commonly 
described by the ratio of Mw to Mn. In the present study, the degradation of PE is examined using 
molecular weight changes during abiotic and biotic degradations. Since the molecular weight is 
directly proportional to the viscosity, rheological data can be used to confirm the molecular 
weight data obtained by gel permeation chromatography (Hussein 2007). 
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2.4.7 An overview of the degradability of polyethylene nanocomposites and 
oxo-biodegradable polytehyelene nanocomposites 
 
PE nanocomposites filled with layered silicates exhibit remarkable improvement in mechanical, 
thermal and physicochemical properties even at very low filler concentration due to the nano-
level interaction between the filler and polymer matrix (Bhattacharya, Gupta & Musa 2007). The 
layered silicates have attracted great deal of attention because of their cheapness, easy 
processability and availability. Polyolefin (PE and PP) nanocomposites were found to be more 
degradable than pure polymers under UV irradiation (Qin et al 2005; Qin et al 2003). Qin et al 
(2004) suggested that the presence of iron (Fe) and ammonium ions in MMT may accelerate the 
photo-oxidation process of PE. However, the cause for this acceleration has  not been studied in 
detail and is still not clear. 
 
As far as the biodegradability is concerned, there is no information about the effect of nano-clay 
in polymer biodegradation or about the mechanism of bioassimilation in the presence of clay. 
Biodegradable nanocomposites are an emerging new class of materials and they can be 
considered as the materials of next generation. So there is as an essential requirement to 
investigate the durability and degradability of these materials to extend their applicability. 
 
 
2.4.8 Interaction of micro-organisms with the clay particles in polyethylene 
nanocomposites 
 
Interaction of micro-organisms with polymer surface involves several steps. They are: 
 
(1) transport to the surface 
(2) contact and initial adhesion 
(3) firmer attachment  
(4) growth to form biofilm 
 
The initial adhesion is a rapid process and it can be reversible or nonreversible. It is described as 
a physiochemical process in colloid chemistry. In the next step, micro-organisms synthesise 
extracellular enzymes and they have been shown to anchor the cells more firmly within a time 
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scale of hours and days. Only very few studies have focused on the adhesion of bacteria to clay 
minerals because of experiment difficulties. Adhesion of bacteria to a clay surface poses a 
conceptual problem as both constituents are usually net negatively charged. So bacteria cells have 
to overcome a potential energy barrier to contact the clay surface according to the diffuse double-
layer theory. This barrier can be overcome by several methods such as cation bridging and water 
bridging in between the oppositely charged surfaces. Most of the soil bacteria produce 
extracellular enzymes (mainly polysaccharides) and adsorption of the enzymes onto a clay 
surface strengthens the attachment between the bacteria and the clay. Extracellular enzymes 
adsorb to clay surfaces by H-bonding, electrostatic forces and hydrophobic interactions. Also 
these enzymes involve in the cleavage of polymers into smaller molecules, which can be taken up 
by cells (Quinquampoix et al 1995). According to literature, solid surfaces influence microbial 
activities. For example, montmorillonite affects bacterial metabolism by maintaining the pH 
within the optimal range for the growth of bacteria (Stotzky 1986). 
  
In natural settings, a community of bacteria may form a biofilm on solid surfaces as a way of 
obtaining nutrients in oligotrophic environments and protect themselves from a variety of 
unfavourable conditions such as dehydration or chemical toxicity. The bacteria in a biofilm are 
bound together in a matrix of hydrous exo-polysaccharides, which have a variety of binding sites. 
Biofilms are highly structured containing heterologous communities surrounded by 
microenvironments of their own making (Characklis & Marshall 1990; Haung, Bollag & Senesi 
2002).  
 
The surface of soil minerals (clay) offers habitats for aerobic, anaerobic and facultative bacteria. 
The bacteria occupy on mineral surfaces as scattered individual cells, as micro colonies or as 
biofilms. Microbes are attracted to mineral surfaces and attached to them by physical and 
chemical interactions between the surface and hydrophilic exo-polymer produced by it (Stotzky 
1986). Once attached, individual microbes may form micro colonies, which are embedded in an 
exo-polymer matrix and ultimately become a continuous biofilm. The extent of formation of a 
biofilm depends on the mineral surface. A biofilm may create significant alteration to the mineral 
surface to which it is attached (Characklis & Marshall 1990). 
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2.5 Modification of MMT to improve the oxo-biodegradation 
 
Major contributions of nano-scale MMT in nanocomposites are in lowering the cost of materials 
by replacing the more expensive polymer and improving the properties of the polymer or 
achieving desired properties for specific applications. Other economic advantages are faster 
molding cycles as a result of increased thermal conductivity and few rejected parts due to 
warpage. In developing novel fillers, the aim of material modifications is to increase the aspect 
ratio of the particles and improve their compatibility and interfacial adhesion with the chemically 
dissimilar polymer matrix (Xanthos 2006). Hydrophilicity of MMT arises from the hydration of 
the interlayer alkali metal and alkali earth cation. Thus they are incompatible with many polymer 
systems including PE (Pinnavaia & Beall 2000).  
 
Surface modification of clay minerals has received a lot of attention because it allows the creation 
of new materials and new applications. The surface modification of clay has been given main 
focus in materials science because organoclays are essential to develop polymer nanocomposites. 
Such modifications may enhance and optimise not only the primary function of the filler but also 
the additional functions. Modified clays are also used in other applications such as adsorbents of 
organic pollutants in soil, water and air, rheological control agents, paints, cosmetics, refractory 
varnish and thixotropic fluids and so on. Several routes can be employed to modify the clay 
surface such as adsorption, ion exchange with inorganic and organic cations, binding of inorganic 
and organic anions (mainly at the edges), grafting of organic compounds, reaction with acids, 
pillaring by different types of poly (hydroxo metal) cations, intra-particle and inter-particle 
polymerisation, dehydroxylation and calcination, delamination and reaggregation of smectites, 
lyophilisation, ultrasound, and plasma. Ion exchange with alkylammonium ions is well known 
and the preferential method to prepare organoclays (de Paiva, Morales & Valenzuela 2008). The 
equilibrium layer separation and the confirmation of the onium cations depend on cation 
exchange capacity of the MMT, size and the structure of the ion. 
 
According to a study on the molecular association between montmorillonite and organic liquids 
such as aliphatic di- and polyamines, glycols, polyglycols and polyether, it is known that the 
amines are active in base exchange, while glycerol and glycol enter the interlayer space without 
displacing cations (de Paiva, Morales & Valenzuela 2008). 
 
 47 
 According to Chaiko (2003), the adsorption of polyethylene-block (ethylene glycol) copolymers 
onto Na+-montmorillonite has been reported to facilitate the formation of organoclay-
polyethylene nanocomposites. Chaiko (2003) prepared the new nanocomposites based on the 
treatment of Na+-montmorillonite with poly (ethylene glycol) (PEG). This work proposed a new 
mechanism for the formation of the two-dimensional PEG phase under acidic conditions. The 
basal spacing was found to increase with increasing polymer molecular weight. 
 
2.5.1 Selection of MMT  
 
The choice of MMT as a sorbent of organic compounds is influenced by its large surface area 
(760 m2/g) and its high cation exchange capacity (~ 1 mol/kg monovalent cations). The cation 
exchange capacity is independent of salt concentrations and pH. MMT also forms an interlayer 
complex with a wide variety of organic molecules. Each MMT platelet has very high strength and 
stiffness and can be regarded as a rigid inorganic polymer whose molecular weight is much 
greater (1.3 X 108 g/mol) than that of a typical polymer (Akane & Arimitsu 2006). Therefore, a 
low loading of clays is sufficient to achieve the properties equivalent to conventional composites. 
A previous study has found MMT contains Fe in its matrix, which can act as a pro-degradant in 
the presence of heat and UV light (Botta, Dintcheva & La Mantia 2009). It can also catalyse the 
decomposition of hydroperoxide groups that are fastened to carbon atoms in the polymer chains 
according to reactions mentioned in Figure 2-12 (Qin et al 2003; Smith 2005). 
 
 
 Fe2+  +  ROOH           Fe3+ + RO●   + OH-     
 
 Fe3+  +  ROOH             Fe2+ + ROO●  + H+  
 
Figure 2-12: Reation scheme of catalytic decomposition of hydroperoxide 
 
 
Clay modification is generally achieved by cation ion exchange reactions of organophilic cations 
with sodium ions. Cation exchange capacity (CEC) refers to the quantity of negative charges 
existing on the surfaces of clay (Theng 1974). One milliequivalent of negative charge on a clay 
particle is neutralised by one milliequivalent of cation. A milliequivalent takes into account both 
the weight and the charge of the cation.  
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MMT is naturally hydrophilic and it can be modified with a cationic surfactant to improve its 
wetting characteristics with polymers. The surfactants reduce the surface energy of the clay and 
may contain a functional group that can react with or attract the polymer. Alkyl ammonium salts 
are the most common surfactants used to modify the clay surface. The negative charge of MMT 
originates in the silicate layer and the positively charged head group of the alkyl ammonium faces 
the layer surface while the aliphatic tail extends away from the surface. Figure 2-13 shows a 
schematic of the clay layers with the aliphatic ammonium ion tethered to the clay surface. On the 
basis of clay CEC and carbon atom chain length, the alkylammonium confined between two clay 
layers adopts a monolayer, bilayer, or trilayer structure (Vaia et al 1997). 
 
 
 
 
 
 
Figure 2-13: Alkyl chain aggregation in between clay layers (a) short alkyl chains, (b) 
intermediate chain lengths (c) longer chain length (Manias et al 2001) 
 
 
 
2.5.2 Selection of intercalant 
 
There are two methods to modify the sodium clay. They are: 
 
1. exchange of the sodium cations within the clay gallery space with quaternary organic 
cations like ammonium or phosponium ions 
2.  directly modify the clay layers using organic coupling agents such as silane  
 
As mentioned above, MMT is usually treated with “onium cations” to make it hydrophobic. 
Onium cations bearing long alkyl chains are more compatible with the hydrophobic polymer 
molecules. Polymer molecules can then easily penetrate the interlayer spaces of MMT and form 
an intercalated or an exfoliated nanocomposite. Polymer nanocomposites prepared using 
organoclay modified with alkyl ammonium salts have a major challenge in terms of temperature 
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due to the thermal degradation of the ammonium intercalant, which follows the Hoffmann 
elimination reaction. The degradation of the organoclay occurs at about 200°C, the processing 
temperature range of polyolefins (Davis, Gilman & VanderHart 2003). This could possibly affect 
the physical and mechanical properties of the final nanocomposite. In addition, surfactant 
decomposition results in unwanted side reactions between the decomposition products and the 
polymer matrix such as olefins and amines, which could lead to matrix degradation and colour 
change in nanocomposites (Hongyang et al 2002; Loyens, Jannasch & Maurer 2005; Xie et al 
1999). 
 
In addition to cationic intercalant, nonionic surfactants such as polyethers are used to prepare 
organoclays (de Paiva, Morales & Valenzuela 2008; Shen 2001). This method has another 
possible way to render the alkali metal cation organophilicity which is by complexation with 
crown ether. The use of polyether-based compounds as intercalants has been successfully applied 
on various polymer systems including PP, epoxy and other systems (Le Pluart et al 2004; Wang 
& Pinnavaia 1994). Moad et al (2006a) and Moad et al (2006b) were successful in producing 
intercalated/exfoliated PP-organoclay nanocomposites using polyether-based intercalants.  
 
Poly (ethylene) glycol (PEG) is the best alternative for crown ethers. PEG is inexpensive, more 
stable than quaternary ammonium salts, but of lower activity. There is not much literature on the 
use of polyethylene glycol in surface modifications. But it has been well established that 
polyethylene oxide (PEO) could enhance the photo-oxidation process (Kaczmarek et al 2007; 
Kaczmarek et al 2001; Sionkowska 2006). PEO has a structure similar to that of polyethylene 
glycol; the only difference is in the molecular weight. PEG generally is a liquid while PEO is a 
solid. Both are prepared by polymerisation of ethylene oxide. Both find use in different 
applications and they have different physical properties due to chain length effects. But their 
chemical properties are nearly identical. The short length of alkyl chain of PEG will lead to low 
compatibility with the PE molecules. This reason led to the selection of poly (ethylene glycol) 
monolaurate to treat the clay in the preparation of nanocomposites in this study. PEG 400 
Monolaurate intercalated better and has got six poly (ethylene) glycol molecules which would 
react with sodium ions of the clay gallery layer.  
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2.5.2.1 Polyethylene glycol monolaurate 
 
 
OH-CH2-(CH2-O-CH2-)n-CH2-OH 
 
Figure 2-14: Structure of Polyethylen glycol 
 
 
 
 
 
 
Figure 2-15: Reaction mechanism between sodium ion in clay and poly (ethylene) glycol 
 
 
PEG (Figure 2-14) is referred as oligomers and polymers with molecular mass below 20,000 
g/mol while PEO is referred as polymers with a molecular mass above 20,000 g/mol. PEG is 
prepared by polymerisation of ethylene oxide. It is commercially available over a wide range of 
molecular weights. PEG is a linear molecule compared with 18-Crown-6-ether, which appears 
like crown in structure. PEG is relatively less costly and environmentally safe compared with 
crown ethers. Also PEG is stable, easy to recover, non-toxic and easily biodegradable. In this 
study, PEG-based surfactant, which is PE poly (ethylene) glycol 400 monolaurate with a longer 
carbon chain, was selected to improve the compatibility between the clay and polymer 
(Hongyang et al 2002; Huang et al 2005; Murphy 2001). The oxygen atoms in PEG-ML interact 
with the cations in the clay gallery by the electrostatic attraction and act as as intercalants as 
shown in Figure 2-15. 
 
2.5.2.2 18-Crown-6-ether 
 
Crown ethers are cyclic oligomers of ethylene oxide molecules (Figure 2-16). Yao et al (2002) 
reported the use of crown ethers to modify potassium and sodium montmorillonite that were used 
to prepare polystyrene nanocomposites. They also observed that the thermal stability of the 
nanocomposites is higher compared to that of virgin polystyrene. There was an appreciable 
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expansion in the intergallery layers of the treated clay from 1.8 to 1.9 nm and improvement in 
thermal stability of polystyrene nanocomposites prepared with the treated clay (Yao et al 2002). 
18-Crown-6 ether has 6 ethylene oxide sub-units, which has a very strong attraction to interact 
with cations. 18-Crown-6-ether has high binding capacity for inorganic cations such Na+, K+ ions 
and susceptible to complexation with PE. It has less chance to exfoliate the clay layers. Sodium 
ions are tightly packed between the crown ether molecules and so have less chance of 
overcoming the Van der Waal’s force between the clay layers and exfoliate the clay layers apart. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-16: Structure of 18-crown-6-ether 
 
 
 
 
 
Figure 2-17: Reaction mechanism between sodium ion in clay and 18-crown-6-ether 
 
 
 
Crown ethers have high binding capacity for inorganic cations such as Na+ and K+. Different 
crown ethers have different binding capacities since they have different cavity sizes. The 
complexation constant for 18-crown-6-ether and Na+ is a 2.5, which shows significant higher 
binding ability (Figure 2-17). So it can act as an intercalant also and due to the high 
organophilicity of these complexes, they can easily mix with polyolefins to make nanocomposites 
(Yao et al 2002). 
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2.5.3 Selection of metal ion 
 
Minor amounts of metals and metallic compounds in polymer composites can play an important 
role in either the photodegradation or the thermal degradation of polymers. Osawa, Kurisu and 
Nagashima (1979) and Qin et al (2004) investigated the influence of transition metal ions in the 
interlayer galleries of MMT on the degradation of PE. The sodium ions in MMT (Na+) were 
substituted with different transition metal ions, including Fe3+, Cu2+ and Co2+ as they are 
representative in the natural MMT. The results indicate that all three transition metal ions can 
accelerate the photo-oxidation by the catalytic action of metal ions while Fe 3+ is the most 
prominent. The same trend was observed for the effect of transition metals ions in the photo-
oxidations of polyethylene oxide (Kaczmarek et al 2001). Moreover, MMT itself consists of 
2.19% of Fe in its structure, which has shown to be responsible for the highest acceleration in 
photo-oxidation (Woo et al 2007).The photo-redox reactions (oxidation and reduction reactions) 
of transition metal ions in polymer matrix are reversible and generate alkyl-free radicals. 
Subsequently, carbonyl products generate occurs in the propagation stages (Figure 2-18) (Qin et 
al 2004). 
 
According to the elemental analysis of a commercial pro-oxidant, it has been found that it 
contains cobalt transition metal. Cobalt has been known to be a micronutrient for animals, 
including human beings, where it is a constituent of vitamin B12 (Talukder & Sharma 2007).  
In this study, MMT was modified with cobalt ions and a pro-oxidant complex was syntheised in 
the clay gallery. 
M n+ + RH       M(n-1) + R●  + H+ 
            R●  + O2       ROO●   
 
ROO●  + RH                                             ROOH      +   R●   
 
M(n-1) + ROOH                M n+ + RO ● + OH- 
 
M(n-1) + ROOH    M n+ + ROO ● + H+ 
 
M(n-1) M n+ + O2-● 
 
R●  + O2-● + H+       ђν              ROOH 
 
  
 Figure 2-18: The catalytic effect of transition metal ions 
ђν 
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2.6 Conclusions 
 
Based on the above review, it can be concluded that: 
 
 
1. PE is a bio-inert polymer by origin due to its structural morphology. 
2. The oxidation products of PE are biodegradable. 
3. Biodegradation of PE takes place in two stages: (1) abiotic oxidation (2) biotic 
degradation. The initial oxidation can be considered to be the rate-determining 
stage of the overall process. 
4. Biodegradation of PE is the synergistic reaction of abiotic oxidation and microbial 
biodegradation. Abiotic oxidation is influenced by various environmental factors 
such as temperature and UV light. Several micro-organism species have been 
identified to consume low molecular weight PE polymer fragments. 
5. Biodegradation of PE can be induced by adding either pro-oxidant, which can 
enhance the rate of abiotic oxidation, or natural polymer such as starch, which can 
facilitate the microbial growth. 
6. Although there are numerous studies on preparation and properties about PE 
nanocomposites, only very few studies dealt with the degradation of PE 
nanocomposites. 
7. According to recent studies on photo-oxidation of PE nanocomposites, nano-clay 
can enhance the rate of photo-oxidation of PE nanocomposites to an extent that is 
greater than that for PE. 
8. According to the studies on soil chemistry, clay can help in microbial growth in 
the soil. 
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3 Chapter 3 Materials and Experimental 
 
 
This chapter describes the materials, equipment and the methodologies used in various 
experiments in this project. This chapter also includes details of the materials and techniques used 
in the sample preparation, clay treatments, biodegradation and photodegradation. Also a 
description of settings of various instruments used in the characterisation is provided. The 
principles of methodologies used to evaluate the degradation process of PE, analysis of data and 
data limitations are discussed. 
 
These items are described in the following order: 
 
• Raw materials 
• Preparation of polymer-layered silicate nanocomposites 
• Characterisation of the nanocomposites (structural and mechanical) 
• UV degradation  (abiotic oxidation)  
• Biodegradation 
• Analytical characterisation of the degraded samples 
• Modification of clay 
• Data analysis 
 
3.1 Materials  
 
Cloisite 15A (NH+-MMT) and sodium montmorillonite (Na-MMT) with CEC 92 meq/100g was 
obtained from Southern Clay Products, Texas, USA. Cobalt chloride (CoCl2), 18-crown-6-ether, 
polyethylene glycol monolaurate (Mn 400 and 600 g/mol) were purchased from Sigma Aldrich, 
Australia. PE and maleic anhydride grafted PE (PE-g-MA) were supplied by Qenos, Austalia. A 
commercilay available pro-oxidant was used for oxo-biodegradation experiments. All polymers 
and other chemicals were used as received without further purification. 
 55 
3.1.1 Polyethylene (PE) 
 
PE is one of the most widely used commercial thermoplastic materials and it occupies 
approximately 60% of the polyolefin market. It is a semi-crystalline material whose structure is 
comprised of three major structured regions: the ordered crystalline region disordered amorphous 
region and the interfacial one. PE can be classified into three main categories according to the 
architecture of its main chain and all three are extensively used in commercial film processing. 
They are named as high-density polyethylene (HDPE), low-density polyethylene (LDPE) and 
linear low-density polyethylene (LLDPE). The excellent properties and convenient processing of 
PE make it one of the most researched thermoplastic materials. This work also uses PE as the 
main polymer but only employs LDPE, which has general applications such as shopping bags and 
agricultural films. PE with the structural formula of [-CH2-CH2-] n (n is a very large integer) is 
synthesised by the addition reaction of ethene monomer. The main physical properties of the PE 
used in this study are shown in Table 3-1. 
 
 
Table 3-1: Physical properties of the polyethylene used in this study 
 
Properties  
Molecular 
weight (Mw) 
Polydispersity Melting 
temperature (◦C) 
Grade 
LDPE  2 20 619 6.56 100 –130 LDJ225–film grade 
LDPE  2 49 260 7.19 100 –130 XDS 34–film grade 
 
 
 
3.1.2 Organically modified montmorillonite clay (cloisite 15A) 
 
PE nanocomposites consist of three main components: the base polymer, nano-clay and 
compatibiliser. The properties of nanocomposites depend on dispersion and orientation of the 
clay within the polymer matrix and its interaction with the polymer (Leuteritz et al 2005). 
Commercially available sodium montmorillonite (Na+-MMT) of CEC 92 meq/100g and 
organically modified MMT known as cloisite 15A were used as nano-clay in this work. They 
were obtained from Southern Clay Products, USA. Cloisite 15A (C 15A) is produced by cation 
exchange reaction whereby natural Na+-MMT is treated with dimethyl dehydrogenated tallow 
quaternary ammonium chloride (quaternary salt) (Figure 3-1) to render it organophilic and make 
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it compatible with non-polar polymers such as PE which has long hydrocarbon chains that 
protrude out of the interlayer. 
 
 
  
    
                                                            CH3           N+         HT 
 
                   
 
 
 
Figure 3-1: Quaternary ammonium salt that is used to produce C 15A (HT is hydrogeneated tallow) 
 
 
 
3.1.3 Maleic anhydride grafted polyethylene  
 
 
 
 
 
 
 
 
 
 
Figure 3-2: Maleic anhydride molecular structure 
 
 
 
Natural montmorillonite (MMT) is modified with alkylammonium salt to facilitate its interaction 
with the polymer by changing the silicate surface from a hydrophilic to organophilic nature. 
However, the organophilicity of modified MMT is not strong enough to disperse it in non-polar 
polyolefin polymer such as PE. To improve the dispersion of modified MMT in PE, a 
compatibiliser called fusabond was used in this work. Fusabond resins are polyolefin copolymers 
grafted with maleic anhydride, which is known as PE-g- MA. When mixing PE and PE-g- MA 
with MMT, polar group of maleic anhydride will attach to the polar groups of silicate layers and 
the non-polar part with the polymer thereby mediating the polarity between the silicate layers and 
polymer. In this work PE-g-MA grade, MX 120D, supplied by DuPont has been used as a 
compatibiliser in the preparation of nanocomposites. 
 
CH3 
   HT 
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3.1.4 Pro-oxidant 
 
Pro-oxidants are transition metal ion complexes that catalyse the oxidation of PE by enhancing 
polymer radical formation thereby leading to polymer molecular weight reduction, which 
consequently facilitates biodegradation. Generally, pro-oxidants are metal stearates of cobalt, iron 
and manganese. Different pro-oxidant types have been developed by manufacturers depending on 
the plastic degradation method intended (i.e. thermo-oxidation, photo-oxidation etc.). In this 
work, a commercial pro-oxidant that was made for composting/mulching films was used. This 
material is a properitory material and its contents are not known. In order to understand the role 
of pro-oxidant in the degradation of PE, modified clay was used in this work. It was prepared by 
combining natural MMT (unmodified MMT) and cobalt chloride (pro-oxidant). This is an 
attempt to modify the unmodified clay surface so that it will carry the metal ion (Co2+), which is 
an initiator of PE degradation. Use of modified clay helps to produce oxo-biodegradable PE 
nanocomposites using single material instead of using two materials (nano-clay and commercial 
pro-oxidant). In the preparation of nanocomposites with modified clay, 18-crown-6-ether or PE 
glycol monolaurate was used as intercalant. All the chemicals used in the preparation of modified 
clay (CoCl2, 18-crown-6-ether, polyethylene glycol monolaurate) were supplied by Sigma 
Aldrich, Australia. 
  
3.2 Preparation of polyethylene nanocomposites 
 
The nanocomposites can be synthesised by the solution method, in-situ or interlamella 
polymerisation and the melt intercalation method. In the solution synthesis method, the polymer 
is first dissolved in a solvent and then mixed with modified clay. The solvent should be able to 
dissolve the polymer and also swell the clay layers so as to intercalate the polymer chains into it. 
At the end of the process, the system is heated until all the solvent comes out from the galleries 
leaving the polymer-clay nanocomposites. In-situ polymerisation involves intercalation of 
monomers between the clay layers and polymerisation within the clay galleries. The 
polymerisation reaction is supported by the catalysts on the clay surface at high temperature and 
pressure. This method was used by Toyota in 1988 for the development of nylon-clay 
nanocomposites.  
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In 1993, the polymer nanocomposite was first prepared by melt blending the polymer and 
organophilic clay in a twin-screw extruder. In the melt blending process, the layered silicate 
surface is mixed with the polymer matrix in the molten state. If the silicate layer surfaces are 
sufficiently compatible with the chosen polymer, the polymer enters into the interlayer space and 
forms either an intercalated or an exfoliated nanocomposite (Ray & Okamoto 2003).  The heat 
and shear generated by the screw in the barrel of the extruder facilitate the mixing of polymer 
matrix with the clay and produce polymer nanocomposites without using a solvent. Being 
relatively easier than the other two methods, the melt-blending method was used in this work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3: Brabender twin-screw extruder 
 
 
In the preparation of nanocomposites, 5% Fusabond was initially blended with PE to facilitate the 
compatibility of PE and clay, and extruded in the Brabender twin extruder (Figure 3-3). This 
blend was used as a masterbatch in the preparation of nanocomposites with different 
compositions. The masterbatch pellets were then mixed with the required amount of cloisite 15A 
to make pellets with 10 wt% clay. These pellets were then mixed with an appropriate amount of 
master batch to prepare nanocomposites with different clay concentrations. The operating 
temperature of the extruder was maintained at 120, 150 and 190°C from hopper to die section of 
the extruder and the operating screw speed was maintained at 60 rpm. The total residence time in 
the extruder was about eight minutes. High screw speed or low residence time would generate a 
high viscous heating and an eventual thermal degradation of the polymer whereas low screw 
speeds do not provide sufficient mechanical shearing. The barrel temperature was maintained at 
160°C by providing air cooling, which prevents temperature changes due to viscous heating 
during the mixing process. The screws have a diameter of 41.8 mm with length/diameter ratio of 
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7. Its axial grooves have 5 mm of width and depth. The intermeshing counter-rotating screws 
provide high shear thereby leading to excellent dispersion and distribution of organoclay 
throughout the polymer matrix. When the organoclay is properly mixed with the polymer, it will 
help to enhance the contact between organoclay and the matrix leading to improved properties of 
polymer. All extrudated PE samples were pelletised and stored in sealed plastic bags at 4°C 
before used in the blown film process. Compositons of the PE nanocompoistes samples prepared 
for this study are shown in Table 3-2. 
 
3.2.1 Blown film process 
 
Films were prepared from the nanocomposite pellets using a blown film co-extrusion assembly 
made by Starn Plast Massier, Sweden. Four different blower settings were used in the production 
of the films. They were 2.4, 2.6, 2.8 and 3.0, which correspond with average air velocities of 6.7, 
7.2, 7.7 and 8.2 m/s, respectively outside the bubble. In blown film extrusion, films were 
produced at 200°C (die exit temperature) at a rate of 0.5 kg/hr using an outer die of 40 mm 
diameter and 1 mm die gap. The die exit temperature was maintained at 200°C. Nanocomposite 
pellets were dried at room temperature for 24 hours before being used in the film preparation. 
The film produced had a thickness of 60–80 µm. 
 
 
Table 3-2: Compositions of PE film samples 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PE PE-gMA MMT Sample name 
(wt %) (wt %) (wt %) 
PE 100 - - 
PE-2 wt % clay  (2C) 93 5 2 
PE-3 wt % clay  (3C) 92 5 3 
PE-5 wt % clay  (5C) 90 5 5 
PE-7 wt % clay  (7C) 88 5 7 
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Figure 3-4: Preparation of PE films by blown film process 
 
 
3.3 Morphological characterisation of nanocomposites 
 
The prime reason for improved properties of nanocomposites compared with those of pure 
polymer and conventional-filled polymer composites is the strong interfacial interaction between 
the polymer matrix and the layered silicates. The extent of clay dispersion in the polymer matrix 
is investigated under the morphological characterisation of nanocomposites. Most of the studies 
have used wide angle X-ray scattering (WAXS) and transmission electron microscopy (TEM) to 
analyse the dispersion of the clay platelets in the polymer matrix. 
 
3.3.1 Wide-angle X-ray scattering  
 
WAXS is one of the most widely used morphological characterisation techniques used for 
nanocomposites (Figure 3-5). Any scattered beam that is larger than 1° is considered as a wide 
angle. It is a convenient and rapid method for structural characterisation such as determining 
interlayer spacing of the layered silicates. WAXS provides a suitable means to determine the 
interlayer distance between clay layers known as d-spacing. Since clay platelets are arranged 
periodically in an intercalated system, a reflection from the clay platelets is observed in the XRD 
pattern. The d-spacing provides information regarding success or failure of the clay modification 
process or the intercalation of polymer chains into the clay galleries.  
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Generally the interlayer spacing in MMT is around 1 nm. The d-spacing of the clay layers can be 
calculated form Bragg’s law (equation 3-1). As a consequence of polymer chains moving into the 
clay gallery, the interlayer distance increases shifting the clay peak to lower angles corresponding 
to higher d-spacing according to Bragg’s law. Movement of polymer molecules into the clay not 
only separates the clay platelets, it also decreases the periodicity and hence reduces the intensity 
of the clay peaks. In an exfoliated structure the clay platelets are randomly dispersed in the 
polymer matrix leading to the destruction of the platelet arrangements and therefore no clay peak 
is observed in the XRD pattern. On the other hand, in intercalated morphology, although the 
polymer chains have pushed the clay layers apart, the periodicities of the layers are still 
maintained. According to literature, the dispersion of clay platelets in polymer matrix plays an 
important part in deciding the properties and behaviour of nanocomposites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5: Nine-position sample stage in reflection mode and beam path of diffractometer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 62 
 
 
 
 
 
 
 
 
 
                                θ        θ   
  
                                                          θ  θ                                                          d 
 
 
 
 
 
                             Figure 3-6: Schematic representation of the XRD process 
 
 
Braggs’ law is given as: 
 
                           nλ= 2 d sinθ                                           (3-1) 
 
 
where n is an integer (n=1), λ is the wave length of the incident X-ray beam (λ = 1.5406 A°), θ is 
the angle of incidence of the X-ray beam and d is the interlayer distance between silicate layers. 
 
In this work, a Bruker AXS D8 X-ray diffractometer was used to scan the nanocomposites sheet 
samples and the scattering intensity was plotted as a function of 2θ angle. The D8 diffractometer 
is equipped with a nine-position stage consisting of two parts: the stage and the magazine. X-rays 
are generally filtered and made monochromatic before they are allowed to strike the crystal. The 
filter removes the radiation that degrades the crystal. The radiation produced by the line focus of 
the X-ray tube is diffracted at the composite sample and recorded by the detector. The diffraction 
angle (2θ) is thus always equal to twice the incident angle (θ). The diffractometer beam path is 
shown in Figure 3-6. 
 
X-ray data for the nanocomposites and modified clay samples were collected on a Bruker AXS 
D8 Advance Wide Angle X-Ray Diffraction instrument with CuKα radiation (λ = 0.154 nm) 
operating at 40 kV and 35 mA. The sample was mounted in a flat-plate specimen holder. 
Diffraction patterns were measured using a scintillation detector. Scans were taken between 2° 
and 20° at a speed of 1°/min, with a step size of 0.02 and with step time of 1 s. The scattering 
Incident 
beam 
Scattered beam 
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intensities were recorded by the computer while background intensities were recorded using an 
empty sample holder. All measured scattering intensities were corrected by subtracting the 
background intensities generated due to the presence of particles in the air.  
 
The WAXS is a very useful technique in examining the nanoscale structure of nanocomposites. 
By comparing the interlayer space of raw cloisite 15A and nanocomposites, it can be determined 
whether the material has exfoliated, intercalated or immiscible morphology. For intercalated 
structures, d-spacing increases due to the penetration of polymer chains into interlayer space. For 
exfoliated structures, the polymer chains have entered most of the layer spaces and pushed them 
apart completely and therefore WAXS does not give a peak. The peak for immiscible 
morphologies is identical to that for cloisite 15A because no penetration of polymer chains into 
the interlayer space has occurred. 
 
3.4 Material property characterisation 
 
 
Polymer nanocomposites exhibit enhanced properties and performance compared with 
conventional polymer composites and pure polymers without an increase in polymer density and 
loss of optical properties. Polymer nanocomposites with relatively low clay content (2-8 wt%) 
show an unexpected increase in mechanical strength and thermal stability (Bhattacharya, Gupta 
& Musa 2007). Moreover, they posses improved flammability, reduced gas permeability and 
better conductivity. Depending on the polymer matrix and the filler, nanocomposites can also 
exhibit enhanced biodegradability.   
 
3.4.1 Mechanical properties 
 
Mechanical properties (tensile strength and elongation at break) of nanocomposites depend 
mainly on the interfacial adhesion between the filler and polymer. In this project, the mechanical 
properties of the PE and its nanocomposites were tested according to ASTM D882.  
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Figure 3-7: Instron machine used for measuring the mechanical properties of PE and its nanocomposites 
 
 
 Equation (3-2) was used for the calculation of stress (σ). 
 
                                                                                   (3-2) 
 
where F is the applied force (N) and A◦ is the cross-sectional area of the sample (mm2). 
Equation (3-3) was used to determine the strain (ε). 
  
                                                                                             (3-3) 
 
where L0 is the initial length of the specimen and L is the final length of the stretched sample 
under stress. 
 
3.4.1.1 Method 
 
An Instron tensile testing machine (Model: 4467, Instron Corporation, England) equipped with 2 
kN load cell and Bluehill software was used for determining the tensile properties (Figure 3-7). 
The test speed was 100 mm/min and other test conditions were according to ASTM D882. The 
standard dumbbell-shaped samples with a length of 100 mm and width of 10 mm were cut from 
the films. Ten specimens were tested for each sample and the average value for these specimens 
was determined. All the tests were conducted at room temperature. 
0
F
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Α
0
0
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3.4.2 Oxygen permeability properties 
 
Permeability is defined as the transmission of molecules (penetration) through the polymer 
matrix. The mechanism by which a gas or vapour (penetrant) permeates through a polymer 
matrix is postulated to occur as follows (Mark 1985): 
 
1. Absorption of penetrant into the polymer matrix 
2. Diffusion through the polymer matrix 
3. Desorption through the polymer matrix wall and evaporation from the surface 
 
 
 So permeability can be expressed mathematically as follows: (Massey 2003)  
 
   
 
where, 
P      = Permeability (m2) 
TR   = Transmission rate (m2·24h·0.1MPa) 
A     = Area of the barrier (m2) 
l       = Thickness of the barrier (m) 
∆p   = Partial pressure difference across the barrier (Pa) 
 
According to literature, the layered silicate-based polymer nanocomposites show improved 
barrier properties compared to the neat polymer (Gopakumar et al 2002). This barrier property 
enhancement of nanocomposites is ascribed to the torturous path that gas molecules have to 
travel in the presence of the dispersed silicate layers (Figure 3-8). Also, compared with other 
conventional fillers, the plate-like morphology of clay acts as an efficient barrier due to its large 
aspect ratio.   
 
 
 
 
 
TRxlP
A p
=
∆
      (3-4) 
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(a)                                (b) 
 
Figure 3-8: Formation of tortuous path in (a) conventional composites (b) polymer layered silicate 
nanocomposites (Ray & Okamoto 2003) 
 
 
In this work, oxygen barrier properties were measured using the Mocon OX-TRAN 2/21 system. 
The Mocon was equipped with a high-performance patented coulometric sensor that does not 
require calibration. However, the system needs a calibration with standard films to ensure the 
accuracy of the entire system. Mocon can measure extremely small amounts of oxygen 
transmission through polymer films and sheets in parts per million even in the presence of water. 
The Mocon machine used in the present work is shown in Figure 3-9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9: Mocon oxygen transmission rate tester and its diffusion cell 
 
 
3.4.2.1 Method 
 
Oxygen permeability of PE and PE nanocomposites was tested according to ASTM D3985, 
which has been used widely to analyse the gas barrier properties of polymer films. The 
instrument (Mocon) was calibrated with National Institute of Standards and Technology certified 
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Mylar films of known transport characteristics at 23°C. Flat film samples were clamped into the 
diffusion cell and purged of residual oxygen using oxygen-free carrier gas (N2). At first, nitrogen 
gas was passed over both sides of film to remove oxygen in the material. Pure (99.9%) oxygen 
was then introduced into the outside chamber of the diffusion cell. Molecules of oxygen diffusing 
through the film to the inside chamber were conveyed to the sensor by the carrier gas. During the 
testing, a continuous flow of gas was maintained on both sides of the barrier material. The 
diffusing oxygen flow was measured by a detector that is sensitive only to oxygen.  
 
PE and PE nanocomposite film samples were tested only after checking the accuracy of the 
standards. The test sheets were laminated between two aluminum foil masks to reduce the area of 
exposure from 100 to 5.4 cm2. The measurements were conducted at 23°C and 0% RH. Ten 
samples were tested for each composition of PE and an average value was calculated. The 
normalised unit for gas permeability is cm3.mm/m2.dat.atm. 
 
  3.4.3 Thermal characterisation 
 
Thermal characterisation is one of the important analyses for nanocomposites to determine their 
application. In this study, thermal analysis was done uisng thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). 
 
 
3.4.4 Thermal characterisation using differential scanning calorimetry 
 
Differential scanning calorimetry (DSC) is used to measure the heat flow associated with the 
transitions in materials such as polymers and inorganic materials as a function of time and 
temperature. DSC is widely used to characterise semi-crystalline polymers using fractional 
crystallinity, which is one of important physical parameters that reflect the morphology of the 
material and influences its mechanical properties. The relative crystallinity (Xc) as a function of 
temperature is defined as:   
 
 
            (3-5) 
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where t0 and t∞ are the times at which crystallisation starts and end, respectively, and A◦ and A∞ 
are the areas under the normalised DSC curve at those times. 
 
The absolute crystallinity (Xc) is defined as: 
 
Xc=                                            (3-6) 
 
where   are the melting enthalpies of sample and 100% crystallisation sample 
(reference,  = 279 J/g), respectively. 
 
3.4.4.1 Method 
 
In this work, thermal characterisation of PE and its nanocomposites was performed using a 
Perkin Elmer DSC 2920 equipped with the analysis software Thermal Analyst 3100 (TA 
Instruments USA) (Figure 3-10). Helium was used as the purge gas (30 ml/min) and nitrogen was 
used as the carrier gas (100 ml/min). The sample was sealed in an aluminum sample pan and 
subjected to heating. The empty aluminum pan was used as the reference. After loading the 
sample in the pan, a heating method was selected. The sample was heated to 180°C at a rate of 
10°C/min and held at that temperature for 5 minutes to remove previous thermal history. After 
that, it was cooled to 25°C at a constant rate of 10°C/min to record the crystallisation behaviour 
and then heated to 180°C at the same rate until it melts the sample. The heating and cooling 
cylcles were carried out under inert nitrogen atmosphere (gas flow rate 35 ml/min). Only the data 
from the second run was used for furthern analysis. All the data were recorded using TA 
instrument control software. For some samples, the test was repeated to check for repeatability. 
The stability of each system was determined by comparing the crystallisation enthalpy and 
temperatures values from the first run with the second. Enthalpies of melting and crystallization 
and the corroresponding temperatures were obtained from the cooling curves using peak 
integration method. 
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Figure 3-10: Differntial scanning calorimetry (DSC) 2920 used for thermal analysis  
 
 
3.4.5 Thermal stability – thermo gravimetric analysis  
 
Thermo gravimetric analysis (TGA) is mainly used to analyse the thermal stability and purity of 
polymer samples. It is based on continuous change in mass with time due to the volatilisation of 
degraded by-products at high temperature. In this study, TGA was carried out to measure the 
thermal stability of nanocomposites before and after the photo-oxidation process. 
 
A sample is placed on the arm of a recording microbalance, and the arm is then placed in a 
furnace. The furnace temperature is varied according to a temperature/time profile. The thermo 
gravimetric analyser is connected to a computer via a TAC 7/DX thermal analysis instrument 
controller. Thermal gravimetric analysis involves three steps. They are: (a) heating of the sample, 
(b) measuring the temperature, (c) measuring the sample weight. The TGA 7 equipment is 
programmed to vary the temperature from an initial to a final value gradually. It measures the 
weight changes in sample materials resulting from chemical reactions, decomposition, solvent 
and water evolution, and oxidation. 
 
3.4.5.1 Method 
 
TGA was carried out on a Perkin-Elmer TGA7 thermo balance (Figure 3-11) operating in an inert 
atmosphere of nitrogen (gas flow rate 20 mL/min). A sample mass of about 5 to 10 mg was 
placed in a suspended platinum pan and heated at a constant heating rate of 20°C min-1 from 
ambient temperature to 850°C. At 700°C, gas flow was switched from N2 to air and heating was 
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continued up to 850°C. Automated baseline correction was used to find the fractional weight loss 
between any two given temperature points. Runs were repeated for each sample to check the 
reproducibility of results. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11: Thermogravimetric analyzer (TGA) 
 
 
3.4.6 Rheological measurements 
 
Rheological properties of polymers can be used to study their melt behaviour and microstructure. 
The rheology of clay-based polymer nanocomposites is affected by the nature of the structure 
formed depending on the interactions between clay and polymer. The attachment of the polymer 
molecules to the clay layers with the help of a compatibiliser is significantly affected by the 
external flow filed. Rheology has been used extensively in the study of nanocomposites in 
conjunction with basic characterisation techniques such as XRD.  
 
Rheological studies of polymer nanocomposites can be divided into three categories according to 
the way the material is deformed. They are: dynamic, steady and extensional rhemotery. The 
main rheological properties studied are the steady and dynamic shear properties which reflect the 
effects of nanofiller and polymer/nanofiller interactions on the shear-thinning behaviour and 
dynamic moduli. Although steady state techniques are widely used for the measurement of 
viscous and elastic properties, it can destroy the morphology of nanocomposites. Dynamic 
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measurements is a useful technique to deal with delicate materials due to the unperturbed 
structure that exists at small deformations (Bhattacharya, Gupta & Musa 2007). Dynamic 
measurements were used in this study to analyse the degradation of nanocomposites during the 
photo-oxidation by considering the complex viscosity.  
 
3.4.6.1 Method 
 
Dynamic rheological measurements were conducted using the Advanced Rheometric Expansion 
System (ARES) equipped with Rheometrics Rhios V4.0 software for recording and analysing the 
data (Figure 3-12). The parallel plates have diameters of 25 mm. The 0.65 µm thick polymer film 
samples were cut into 25 mm diameter discs and used in the tests. Before loading each sample, it 
was imperative to ensure the equilibration of system temperature and zeroing of the plate gaps 
when the plates had reached the desired temperature. Generally the lower plate oscillates at a 
constant angular velocity (Ώ) and is driven by a motor, while the upper plate is connected to a 
transducer that measures normal force and torque. The gap between the plates during the test was 
kept at 1 mm. Tests were performed at 170°C under a nitrogen atmosphere to avoid any 
degradation. Dynamic strain sweep tests were carried out at different frequencies to confirm the 
linear viscoelastic region of the material. Determination of the linear viscoelastic region is 
essential before commencing the tests for frequency sweep to ensure that the microstructure of 
the material is not affected by shear alignment. Also, the time sweep test is conducted to establish 
any variation in measurements at a given temperature. The strain amplitude used (10%) was 
within the linear viscoelastic region, which was determined from the dynamic strain scan tests 
performed for virgin polymer and nanocomposites. 
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Figure 3-12: Advanced rheomatric expansion system  
 
 
 
3.5 Oxo-biodegradation procedure 
 
Oxo-biodegradation was conducted in two stages in this work: They are (1) abiotic oxidation, (2) 
microbial degradation. Although PE is a bio-inert polyolefin, it is biodegradable after the abiotic 
oxidation stage. These two stages of degradation will be described in detail in the following 
sections. 
3.5.1 Abiotic oxidation (photo-oxidation) 
 
Oxidative degradation of PE varies with the climatic conditions of the place where it is going to 
be used and the formulation of the product. All polyolefins will eventually undergo oxidative 
degradation in the environment but at a very slow rate (Smith 2005). 
 
In this work, a laboratory device called an accelerated weatherometer was used for studying 
photo-oxidation. This equipment provides information regarding the material behaviour in a short 
duration during artificial exposure trials, as opposed to long-term exposure trials in natural 
environmental conditions. Artificial weathering is achieved by continuous exposure of the 
samples to light, elevated temperatures, and humidity. 
 
In this study, photo-oxidation of PE samples was studied using QUV-accelerated weatherometer 
(Figure 3-13). Xenon lamps were used as a light source in this instrument and the test conditions 
were set according to ASTM G 154.  A weathering cycle consists of 8 hours irradiation at 
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0.68W/m2/nm at 340 nm followed by 4-hour condensation cycle. Tests were performed at 60°C. 
For simulations of direct solar UV irradiation, an UVA-340 lamp was used since it has little or no 
UV output below 300 nm which is considered to be a “cut-on” wave length for the terrestrial 
sunlight. This lamp usually does not degrade the materials so rapidly and allows enhanced 
correlation with actual outdoor weathering. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-13: QUV Accelerated weathering tester 
 
 
 
3.5.2 Microbial degradation 
 
Polyolefins such as PE are generally considered to be relatively bio-inert. However, it is now well 
established that the oxidation products of PE are assimilated by naturally occurring micro-
organisms. A significant number of micro-organism species can be found in soil, sewage and 
compost areas, and they display a broad range of polymer-degrading abilities. Following the 
ASTM guidelines, Pseudomonas aeruginosa bacteria have been chosen to degrade PE in this 
work. 
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3.5.2.1 Aerobic microbial degradation 
 
Pseudomonas aeruginosa (ATCC 289-19), which was obtained from RMIT University, was used 
as an inoculum. Bacterial strains assayed for their ability to utilise PE as the sole source of carbon 
were grown in a minimal synthetic medium. The minimal synthetic medium used consisted of 
(per litre of distilled water): 1.0 g of NH4NO3, 0.2 g MgSO4 .7H2O, 1.0 g K2HPO4, 0.1 g 
CaCl2.2H2O, 0.15 g KCl, 0.1 g yeast extract (Difco), and 1.0 mg of each of the following 
microelements: FeSO4. 6H2O, ZnSO4.7H2O, and MnSO4. The medium pH was adjusted to 7 and 
culture medium was sterilised at 120°C for 15 minutes. 100 ml of cultural medium was 
inoculated with P. aeruginosa (105 spores per ml) and placed in 250 ml flasks with 3 grams of 
film samples which were sterilised at 60°C for 24 hours and washed with 70% ethanol. Flasks 
with the samples were incubated for two months at 30°C on a rotary shaker operating at 120 rpm 
(Figure 3-14). The biodegradation test was conducted according to ASTM D 5247 and samples 
were collected at an interval of 20-days during two months. The extent of the biodegradation of 
PE samples was determined by comparing the physical and chemical properties of the samples 
before and after biodegradation. 
 
 
 
 
Figure 3-14: Aerobic biodegradation set up for PE and its nanocomposites 
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3.5.2.2 Anaerobic microbial degradation 
 
When PE films are disposed to landfill sites, they will gradually be covered with other materials 
or soil over a period of time, which will create a reduced oxygen environment. To study the 
biodegradation characterisation of PE under anaerobic conditions, the above test was repeated 
using anaerobic jars which enables the biodegradation process to be carried out at low oxygen 
concentrations with Pseudomonas aeruginosa. Polymer samples were incubated for two months 
at 30°C in an oven and they were analysed for changes in physical and chemical properties 
periodically. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-15: Anaerobic biodegradation setup for PE and its nanocomposites 
 
 
 
3.6 Analysis of oxo-biodegradation 
3.6.1 Fourier transform infrared spectroscopy 
 
Infrared spectroscopy is widely used in the characterisation of chemical functional groups in 
polymer during polymer degradation. The molecules in polymer have specific frequencies at 
which they rotate or vibrate corresponding to discrete energy levels and these frequencies are 
determined by the shape of the molecule and the masses of the atom and so on. When an infrared 
radiation interacts with the matter, the molecules in the material will absorb a discrete quantum of 
energy to move from one vibration energy level to the next. Chemical functional groups in the 
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molecules tend to absorb energies at a specific wave number regardless of the rest of the 
molecules. The wave number positions are not affected by the temperature, pressure, or other 
functional groups in the molecule. 
 
 
 
Figure 3-16: Fourier transforms infrared spectroscopy (FTIR) 
 
 
In Fourier transform infrared spectroscopy (FTIR), interferometer employs a beam splitter in 
which the incoming infrared beam is divided into two optical beams. One beam reflects off a flat 
mirror that is fixed in place. The other beam reflects off a flat mirror that can move a short 
distance away from the beam splitter. Two beams reflected off from their respective mirrors are 
recombined when they meet at the beam splitter. The signal that exits the interferometer is the 
result of these two beams interfering with each other. The resulting signal is called an 
interferogram. The interferogram is measured at all frequencies simultaneously at a very fast rate. 
All individual frequencies are decoded using a mathematical technique called Fourier 
transformation. To accomplish the requirement of a relative scale, a background spectrum must 
also be measured with no sample in the beam. To eliminate the contribution of background, the 
sample single beam spectrum must be normalised against the background spectrum. 
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A transmittance spectrum is calculated as follows: 
 
 
% IT
I
°
=
                                                                                                (3-7) 
where %T is transmittance, I is the intensity measured for sample beam and I◦ is the intensity 
from the background beam. 
Absorbance can be calculated using transmittance as follows: 
 
 
10logA T= −                                                                                           (3-8) 
 
where A is the absorbance. 
 
The computer can perform the Fourier transformation calculations according to the above 
equations and generate an infrared spectrum, which shows absorbance (or transmittance) versus 
wave number. 
 
3.6.1.1 Method 
 
The photo-oxidation and biodegradation rates were followed by measuring carbonyl absorbance 
of PE samples using FTIR spectroscopy. The FTIR measurements were performed on a Perkin-
Elmer 2000 infrared spectrum analyser in the wave number range of 400 – 4000 cm-1. The 
surface of the film sample was in contact with a Zn-Se crystal that has a 45° angle of incidence. 
Interferograms were obtained from 32 scans. Background spectra were obtained without samples 
in the chamber before sample analysis was performed. Degraded samples were stored at -10°C 
until analysis was performed to prevent further degradation at room temperature. FTIR spectrum 
was used to analyse the changes in the amounts of carbonyl and hydroxyl groups during photo-
oxidation and biodegradation. Carbonyl index is used to express the changes in concentration of 
carbonyl compounds. The carbonyl index (CI), defined as ratio of absorbances of carbonyl and 
methylene groups, was used to express the amount of carbonyl compounds formed during the 
photo-oxidation process. 
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3.6.2 Gel permeation chromatography  
 
Gel permeation chromatography (GPC) is an established separation method used for the 
determination of molecular weight of polymers. During the degradation process, the molecular 
weight of PE decreases and this change can be monitored using the molecular weight changes.  
 
Gel permeation chromatography involves permeation of a polymer through a column packed with 
microporous beads of cross-linked polystyrene. These beads have pores of different diameters. 
Molecules pass through the column by a combination of transport into and through the beads, and 
through the volume between the beads. Molecules that penetrate into the beads are slowed down 
as compared to the molecules that do not penetrate into the beads. The smaller-sized polymer 
molecules penetrate into all the beads in the column whereas large polymer molecules do not 
penetrate into all the beads since their molecular sizes are larger than the pore size of some of the 
beads. The time for passage of polymer molecules through the column decreases with increasing 
molecular weight. 
 
 
The following average molecular weights are determined using GPC analysis: 
 
 
1. The weight average molecular weight Mw, 
 
 w x xM w M= ∑              (3-9) 
 
 
where wx is the weight fraction of molecules whose weight is Mx. 
 
2. The number –average molecular weight Mn, 
 
             n x xM N M= ∑             (3-10) 
 
where Nx is the mole fraction of molecules whose weight is Mx. 
 
 
In addition to the Mw and Mn, it is frequently desirable to know the exact polydispersity index 
(PDI), which is calculated as follows: 
 
                 
w
n
MPDI
M
=             (3-11) 
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3.6.2.1 Method 
 
The molecular weight distribution of PE and PE nanocomposite samples was monitored by high 
temperature GPC analysis, which was performed at 140°C. The instrument used in this analysis 
was Waters Alliance GPCV 2000 chromatographer equipped with differential refractive index 
(DRI) and viscometer detectors (Figure 3-17). 1, 2, 4-trichlorobenzene (TCB) was used as the 
solvent at a flow rate of 1.00 ml/min. The system of three Styragel® HT (4, 5 and 6) columns 
was calibrated with polystyrene standards with an average molecular weight ranging from 1,000 
to 5,000,000. PE and its nanocomposite samples were dissolved in TCB and filtered through a 
0.5 µm polytetrafluoroethylene (PTFE) filter to remove the solid particles. Universal calibration 
was applied and the chromatograms were processed using the Millennium® software. Weight 
average molecular weight (Mw) and number average molecular weight (Mn) were determined 
from the analysis. 
 
 
 
 
Figure 3-17: Gel permeation chromatography Machine (GPC) 
 
 
3.6.3 Environmental scanning electron microscopy  
 
Environmental scanning electron microscopy (ESEM) is the most common method to analyse the 
surface of the polymer samples. The accumulation of electric charge on the surfaces of non-
metallic specimens such as polymers can be avoided by using ESEM in which the specimen is 
placed in an internal chamber at high pressure. 
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Figure 3-18: Enviormental scanning ecletron microscopy 
 
3.6.3.1 Method 
 
The growth of biofilm on PE and its nanocomposites was imaged on a Peltier stage (5°C) in a 
FEI Quanta ESEM (Philips Electron Optics, Eindhoven, The Netherlands) operated in wet mode 
(4 Torr) at an accelerating voltage of 10 kV. A random-number-based scheme was used to select 
fields of view when acquiring the biofilm images. ESEM micrographs were scanned before and 
after biodegradation at ×2500 magnification without being conductively coated.  
 
3.6.4 Quantification of bacterial growth on polyethylene and its 
nanocomposites 
 
ESEM images provide a qualitative measure of bacterial growth on PE samples. In addition to 
ESEM, several other tests such as colony formation (CFU), turbidity and total nitrogen content 
were carried out to quantify the bacterial population on each sample. 
 
3.6.4.1 Plate counting method 
 
The colony formation assay is a common method used to monitor growth of micro-organisms. 
This method enables us to count the number of living organisms or clumps of organisms. During 
the aerobic biodegradation of PE, samples were taken out three times within the two months of 
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the biodegradation period. Once the sample is taken out, the medium in the flasks is tested for 
bacterial population by the plate-counting method. About 1 ml of diluted (5-fold) medium was 
cultured on an agar medium in a petridish and incubated for 24 hours at 30°C. Then the number 
of colonies was manually counted on the plate per ml of medium in CFU (colony formation unit). 
Counts are made for plates that contain fewer than 300 colonies. For each sample, triplicate sets 
of plates were incubated and the average value was calculated.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-19: Schematic diagram of plate-counting method 
 
 
3.6.4.2 Measuring the turbidity 
 
This technique depends on the micro-organisms in a suspension blocking the light beam by either 
scattering or absorption. The turbidimetric method can be used for estimating the concentrations 
of micro-organisms that are suspended in liquid. Therefore, the turbidity measurement can be 
correlated with the microbial population especially when a pure culture is examined.  
 
During the aerobic biodegradation of PE, samples were taken out three times during the two-
month biodegradation period. Once the sample was taken out, the minimal medium in the flasks 
was tested for turbidity. The minimal medium was diluted (10-fold) and filtered through a 0.3 µm 
pore size filter to remove particles other than bacteria. Then, the turbidity was measured using a 
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turbidimeter (HACH 2100AN Model) according to Hach DR/4000 procedure (Method 10047). 
The Hach model 2100 AN laboratory turbidimeter measures turbidity from 0 to 10,000 NTU 
(Nephelometric Turbidity units) with automatic range selection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-20: Schematic diagram of turbidity test 
 
 
3.6.4.3 Measuring total nitrogen content 
 
The total nitrogen content of the minimal medium was measured using a DR/4000 
spectrophotometer according to the Hach 10072 method (persulfate digestion method). Samples 
were first digested in the COD reactor at 109°C and then mixed with the suitable reagents 
according to the procedure (Hach 10072) and the total nitrogen content was measured in each 
minimal medium using Hach program 2559. 
3.6.5 Composting 
 
The biodegradability of compostable polymers is assessed by measuring the mineralisation under 
conditions that are similar to the composting conditions (solid state, temperature, oxygen and 
water conditions, compost used as an inoculum). 
 
3.6.5.1 Method 
 
The extent of biodegradation of PE samples was estimated by the mineralisation of polymer 
carbon atoms evolving as CO2 and trapped by KOH solutions. These biodegradation tests were 
carried out in cylindrical plastic vessels (1L) containing multilayer substrate in which defined 
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amounts of mature compost (10 g) sieved at 0.6 mm, mixed with 20 g of perlite and 
supplemented with 25 ml of 0.1% (NH4)2HPO4 solutions were sandwiched between the layers of 
10g pertlite wetted with 30 ml of distilled water (Figure 3-21). Polymer samples (10 g) were 
placed in the middle layer of the matured compost. The plastic vessels were kept in the dark and 
incubated at room temperature. One plastic vessel was prepared without the polymer sample as 
blank. Each vessel was equipped with a beaker containing 50 ml of 0.05 M KOH solution, which 
was replaced every 21 days, and back titrated, with 0.1 M HCl.The extent of biodegradation of 
each test sample was calculated as the percentage of the overall CO2 production which is based 
on the carbon content of the samples. The value was corrected by the value obtained from the 
control (vessel without polymer sample). 
 
 
 
 
 KOH solution 
 
 
 
 
                Perlite  matured compost 
  
 
 Polymer sample 
 
 
Figure 3-21: Biometer flask for simulated soil burial and mature compost biodegradation setup 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-22: Experimental set up for composting 
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3.6.6 Modification of MMT  
 
The properties of nanocomposites depend on the dispersion, orientation and adhesion of the clay 
within the polymer matrix. The performance of the nanocomposites can be enhanced by 
increasing the clay and polymer matrix interaction with a suitable surface treatment of the clay. 
 
 
 
 
 
 
 Surface treatment 
 
 
 
 
Figure 3-23: Clay layer separation after surface treatment 
 
 
The nano sheets of the clay often require a separation to accommodate the polymer molecules in 
the interlayer region. Guest species in the interlayer spaces are influenced by characteristic 
environment surrounded by adjacent host layers. In particular, the smectite group of clay minerals 
such as MMT has excellent intercalation abilities due to their surface morphology. The 
interactions between the clay surface and intercalant include cation exchange and adsorption of 
polar and non-polar molecules. In these interactions, adsorption, in which physical or chemical 
bonds are formed between the mineral and the organic intercalant, is the primary process. 
Adsorption properties of clay minerals can be altered by changing their natural hydrophilicity 
into organophilicity, so that they can adsorb organic molecules as a secondary process. Also, 
adsorbility of organic molecules by clay minerals is improved by exchanging the metallic ion 
(Na+) with organic cations.  
 
At ambient temperature, water is the most common polar compound present in the interlayer 
space of MMT. MMT is capable of intercalating a variety of organic solvents by the replacement 
of interlayer water (Theng 1974). Generally organic compounds appear to form regular structures 
between the layers giving definite interlamellar distances with the cation in a two-organic-layer 
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system lying approximately in the centre of the interlayer space. The layers can dissociate 
depending on the water content and the exchangeable ion. 
 
In this study, two different intercalants were used namely, PEG monolauarte and 18-crown-6-
ether, to modify the clay surface, and compare their effect on photo-oxidation and biodegradation 
with that of the conventional nanocomposite modified with alkyl ammonium ion. Also, Na+ ion 
in the interlayer was replaced with Co2+ to enhance the photo-oxidation process. 
 
There are different techniques available to modify the clay surface such as 1) dry clay treatment, 
which involves the reaction of the clay and a surfactant at a high temperature in a high shear 
mixer, 2) microwave-assisted clay treatment, which enhances the reaction rates by one or two 
orders of magnitude, and 3) rapid heating to reaction temperature. In this study a conventional 
boiling technique was used to modify the clay surface (Theng 1974). 
 
In this study, an attempt is made to modify the MMT clay surface with an intercalant complex 
(combination of organic intercalant and transition metal ion). Instead of using organoclay with 
ammonium ion complex, MMT is directly modified with an intercalant, which can enhance the 
oxo-biodegradation. Also the metal cations in the interlayer, especially sodium, will be replaced 
by a transition metal, which has been identified as a pro-degradant. If this method is successful, 
oxo-biodegradable nanocomposites can be prepared directly with modfied clay so that it will 
have enhanced physical and chemical properties compared with those for pure PE or 
conventional PE composites. Yao et al (2002) reported the use of crown ethers and cryptand 
(Figure 3-24) to modify potassium and sodium montmorillonite that were used in the prepration 
of polystyrene nanocomposites using in-situ bulk polymerisation. The basal spacing of crown 
ethers/potassium montmorillonite was found to increase to 1.8–1.9 nm and those of sodium 
montmorillonite to 1.5–1.7 nm. 
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Figure 3-24: The structures of crown ethers and cryptand (de Paiva, Morales & Valenzuela Díaz 2008) 
 
 
This research focuses on the selection of suitable intercalant that would enhance the degradation 
of PE while providing compatibility between PE and unmodified clay. Crown ethers and PE 
glycol monolauarte were used as intercalants. Although crown ethers are more expensive than all 
other intercalants, they are stable under higher temperatures up to 200°C. However it should be 
noted that crown ethers are not feasible for most industrial applications due to their high costs 
and toxicity.  
 
3.6.6.1 Conventional boiling technique  
 
The amount of Co2+ required to replace 2% of charge (Na+) in the interlayer and the required 
amount of intercalant (organic compound) was calculated according to the cation exchange 
capacity (CEC) of sodium MMT (cation exchange capacity of clay = 92 meq/100 g of clay).  
 
 
Sample calculation for 18-Crown-6-ether as intercalant based on CEC of clay is as follows: 
 
 
Cation exchange capacity of clay (CEC)     = 92 meq / 100 g of clay 
 
 Molecular weight of crown ether           = 264 g mol-1 
 
       = 92 * 264 / 100 g of clay 
 
                                                                       = 0.25 g of 18-Crown-6-ether / g of clay 
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In the preparation of the modified, unmodified clay was preheated in a vacuum oven for 8 h at 
70°C for the removal of moisture that is present in the interlayer space. Removal of water and the 
selection of a suitable solvent are critical to facilitate the insertion of organic materials between 
the silicate layers; the polarity of the medium is a determining factor for intercalation. Clay was 
dispersed in water at a concentration of 3% (w/w) and heated to 75°C for 3 hours. The amount of 
intercalant and Co2+ required was calculated according to the cation exchange capacity of sodium 
MMT as shown above.  
 
Firstly, the unmodified clay was treated with CoCl2 and then with the intercalant. A preliminary 
test was carried out to ensure successful Co2+ exchange with Na+ in the MMT interlayers. MMT 
was treated with solutions with different concentrations of Co2+ and the liquid (supernatant) was 
separated from the solid by centrifugation, and the Na+ concentration in the liquid was 
determined by atomic absorption spectroscopy. 
 
After careful addition of intercalants, the contents of the beaker were heated to 70°C for 3 hours. 
The contents were then cooled and filtered using the vacuum in a Buckner funnel. The filter cake, 
which is the intercalated clay, was vacuum dried at 60°C, and then dried in an oven. The dried 
clay was ground using mortar and pestle for uniformity in the size of grains. The powdered clay 
was sieved through mesh #200 to remove the larger particles. 
 
Nanocomposites of PE and modified clay were prepared as explained in section 3.2 and subjected 
to the photo-oxidation and biodegradation processes as described in section 3.5. 
 
3.7 Error analysis  
 
It is important to obtain meaningful conclusions by analysing the data gathered during the 
experiments. All measurements are subjected to uncertainties and errors. Errors can be human, 
systematic or random. So it is an essential requirement to minimise the inherent errors in the 
experimental data to minimise their effects on conclusions. This section will briefly discuss the 
inherent errors that exist in the experiments carried out in this study and the steps taken to 
minimise them. 
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Following are the precautions taken to minimise systematic errors: 
 
• Pure PE, which was used as the reference material, was extruded (melt processing) under 
the same processing conditions and subjected to the same thermo-mechanical history in 
order to compare the effect of nano-filler on polymer matrices. 
 
• Temperature range for melt intercalation and blown film processing was carefully 
selected from the literature and material data sheets. The processing of PE at higher 
temperatures may result in the degradation of polymer. The temperature range chosen to 
process PE was according to the recommendation of the manufacturer (Qenos Ltd.). 
 
• All instruments were checked for their accuracy before the start of the measurements. 
Software was used in all the computers attached to the equipment and instruments used in 
this research to minimise the machine error. Log books were maintained for all equipment 
and instruments used. 
 
• Biodegradation experiments were conducted with extreme care to avoid contamination of 
the samples by other micro-organisms. Samples were prepared in duplicate and all 
experimental preparation was carried out in a laminar flow cabinet. 
 
 
 
3.7.1 Random error analysis in WAXS  
 
Figure 3-25 shows WAXS scattering patterns of two runs for Cloisite 15A (organically modified 
clay); it can be noted from these patterns that there is a small deviation in d-spacing for two 
different measurements. The deviation in values is, however, minimal and well within the limits. 
The results were found to be repeatable within ± 2 % limit. 
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Figure 3-25: WAXS pattern of two different runs of Cloisite 15A 
 
 
However, in WAXS, the size of the sample used is larger in surface area than the SAXS (small 
angle X-ray spectroscopy). Thus there is very little chance for the beam to hit any surface other 
than the sample. In WAXS, the error due to air in the background can be neglected, thus there is 
no background data included in the original data. 
 
3.7.2 Random error analysis in thermogravimetric analysis 
 
The microbalance used with TGA 7 is extremely sensitive, capable of detecting changes as small 
as 0.1 µg. In order to avoid random error, three samples were tested by TGA. Figure 3-26 shows 
the mass loss vs. temperature of two different runs. The results are found to be repeatable within 
± 2% of the maximum experimental error involved in these measurements. To minimise the error, 
a calibration check on a standard material was performed before the actual run. 
 
 90 
0
20
40
60
80
100
120
200 300 400 500 600 700 800
Temperature ◦C
W
e
ig
ht
 
lo
ss
 
%
Run 1- 7C 7D
Run 2- 7C 7D
 
Figure 3-26: TGA traces of 7 days irradiated 7C sample 
 
 
3.7.3 Random error analysis in Fourier transform infrared spectroscopy 
 
Before scanning the sample, background spectra were obtained under the same conditions 
without the sample in the chamber. For each sample, the test was repeated three times because 
the carbonyl index that is calculated using FTIR spectra is critical data in the analysis of polymer 
degradation. Figure 3-27 shows the FTIR spectra of PE samples photo-oxidised for seven days. It 
can be noted that the results are repeatable within ± 2% of each other 
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Figure 3-27: FTIR spectra of polyethylene photo-oxidised for 7 days 
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4 Chapter 4 Oxo-biodegradation of Polyethylene 
 
4.1 Introduction 
 
This chapter describes the mechanism of oxo-biodegradation of PE. As mentioned in previous 
chapters, oxo-biodegradtion is a two-stage process involving oxidative degradation followed by 
the biodegradation of oxidation products. It has been demonstrated that the biodegradation of 
oxidised PE fragments occurs much more rapidly compared with oxidative degradation, which is 
also known as peroxidation (Albertsson & Karlsson 1995; Chiellini et al 2003; Weiland & David 
1995). This is because the presence of antioxidants and other stabilisers in commercial PE slow 
down the oxidative degradation of the polymer (Wiles & Scott 2006). Photo-oxidation of pure PE 
films is initiated by the presence of impurities such as carbonyl and hydroperoxide groups that 
are generated by the thermo-oxidation of the material during polymer processing. 
 
The experimental work related to the oxo-biodegradation process of PE is explained in Chapter 3. 
The main aim of this work is to improve the oxo-biodegradation of PE using the right selection 
and concentration of additives. Pure PE films were prepared using PE pellets. Oxo-biodegradable 
PE (OPE) was prepared by mixing 5 wt% commercial pro-oxidant with PE pellets (Table 4-1). 
PE film samples were subjected to photo-oxidation in the accelerated QUV weatherometer. In the 
presence of UV light and oxygen, these samples undergo abiotic oxidation and break down into 
hydrophilic low molecular fragments that can be easily assimilated by micro-organisms. The 
extent of the abiotic oxidation process can be analysed by monitoring these polymer fragments. 
The formation of these low molecular fragments can be monitored using the results of FTIR 
spectroscopy, DSC, TGA and GPC. Photo-degraded samples were then subjected to 
biodegradation with Pseudomonas aeruginosa. Biodegradation was monitored by ESEM, GPC 
and FTIR spectroscopy. 
 
This chapter is presented in two main sections. They are: 
 
1. Abiotic oxidation (photo-oxidation) of PE and OPE  
2. Biodegradation of PE and OPE 
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The results presented in this chapter reveal how the UV irradiation and pro-oxidant affect the 
photo-oxidation and biodegradation of PE. 
 
 
Table 4-1: Composition of PE samples used in this work 
 
 
 
 
 
 
 
 
4.2 Results and discussion 
4.2.1 Photo-oxidation of polyethylene and oxo-biodegradable polyethylene 
(PE and OPE) 
 
4.2.1.1 Changes in mechanical properties during abiotic oxidation  
Figures 4-1 and Figure 4-2  represent the effect of UV exposure time on mechanical (tensile 
strength and tensile strain) properties of PE and OPE film samples. After irradiation, OPE films 
show a significant decrease in mechanical properties, which proves that the presence of pro-
oxidant accelerates the degradation of LDPE. The reduction in tensile strength for OPE is 80% 
whereas it is only 30% in PE. Also tensile strain exihibits a similar trend, and it is reduced by 
99% in OPE and 75% in PE. On exposure to UV light, the amorphous regions in the polymer are 
affected more because the diffusion of oxygen is higher in these regions. This leads to chain 
scission thereby weakening the intermolecular forces and decreasing the tensile strength and 
strain. In OPE, chain scission reactions occur at a higher rate compared with those in PE, which 
cause higher reduction in mechanical properties. However, the tensile strength and strain of 
unaged PE and OPE are almost similar, which suggests that the samples have been exposed to a 
negligible amount of thermal oxidation during the polymer processing stage (melt intercalation 
and film blowing). It can also be seen that the tensile strength and strain of OPE decrease 
drastically with an increase in irradiation time. It was not possible to measure the mechanical 
properties of the samples after 10 days of irradiation because by then they were highly fragile. It 
PE Pro-oxidant 
Sample name 
(wt % ) (wt %) 
PE 100 0 
Oxo-biodegradable PE (OPE) 95 5 
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could be because the higher chain scission rate in OPE leads to an increase in its crystallinity 
leading to embrittlement. 
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Figure 4-1: Changes in tensile strength during a 14-day period of photo-oxidation 
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Figure 4-2: Changes in tensile strain during a 14-day period of photo-oxidation 
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4.2.1.2 Molecular weights and their distribution 
 
The number (Mn) and weight (Mw) average molecular weights and polydispersity index (PI) of 
PE and OPE before and after the abiotic oxidation were determined by gel permeation 
chromatography as described in section 3.6.2. The PI of polymer indicates the molecular weight 
distribution in the polymer chain. Hence the changes in PI after degradation give a quantitative 
idea on the structural changes in the polymer chain during phot-oxidation. The changes in weight 
average molecular weight (Mw), number average molecular weight (Mn) and PI for PE and OPE 
samples during photo-oxidation are shown in Figure 4-3, 4-4 and,  respectively. 
 
The results shown in Figure 4-3 and 4-4 indicate that both Mw and Mn value for OPE decrease 
significantly with an increase in irradiation time compared with those for pure PE. These results 
are compatible with the findings of Roy et al (2005, 2006). The PI values for PE are found to 
increase with an increase in the irradiation period while those for OPE are found to decrease 
(Figure 4-5). Higher PI value for PE indicates that, after exposure to UV, its molecular weight 
distribution has broadened. Photo-oxidation leads to both chain scission and cross-linking 
processes in polymer. The rates of these two processes are nearly the same in PE. This leads to 
the generation of nearly the same amounts of molecules at both higher and lower ends. On the 
other hand, chain scissions are more prominent in OPE. This leads to narrower molecular weight 
distribution for irradiated OPE samples. The decrease in Mn for PE after 10 days of irradiation is 
61% whereas it is 89% for OPE. A similar trend is observed for Mw. The Mw value for the 10 
days irradiated PE samples decreases by 57% whereas that of OPE decreases by 95%. These 
results suggest clearly that the catalytic action of pro-oxidant has increased the rate of scission of 
polymer macromolecules. 
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Figure 4-3: Changes in weight average molecular weight (Mw) of PE and OPE during abiotic oxidation 
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Figure 4-4: Changes in number average molecular weight (Mn) of PE and OPE during abiotic oxidation 
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Figure 4-5: Changes in PI of PE and OPE during abiotic oxidation 
 
 
According to Guaita, Chiantore and Luda (1990), the PI approaches a value of 2 if the chain 
scission process is random. If PI reaches a value higher than 2, the internal chain scissions are 
considered to be not favoured. When the PI reaches a value lower than 2, the chain scissions are 
considered to be near the centre of the chains rather than at the end of the chains (Erlandsson, 
Karlsson & Albertsson 1997). The PI of irradiated OPE has a value around 2 whereas it is 
significantly higher than 2 for PE samples, which indicates that internal bond breaking is 
disfavoured for PE. 
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Figure 4-6: Molecular weight distribution of PE (10 days of irradiation) 
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Figure 4-7: Molecular weight distribution of OPE (10 days of irradiation) 
 
 
Significant changes in molecular weight distribution also occur when polymers are subjected to 
photo-oxidation. It is common to use the molecular weight averages to follow the progress of 
polymer oxidation but molecular weight averages can hide the important changes such as 
scissions and cross-linking that are taking place. Therefore, it is beneficial to use the molecular 
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weight distribution (MWD) to study the molecular weight changes during degradation (Craig et 
al 2005). The changes in MWD of PE and OPE samples during the 10 days of irradiation are 
shown in Figure 4-6 and Figure 4-7, respectively.  It can be seen that the molecular weight 
distribution curve of OPE moves towards the lower end of the molecular weight scale due to 
oxidation. Similar trend is observed for PE too but the movement is not as significant as that for 
OPE.  In MWD, the shift towards lower molecular weights indicates a significant amount of 
scission whereas the appearance of a high molecular weight tail indicates significant cross-
linking. These changes, therefore, provide qualitative clues to the dominant molecular changes 
that have occurred. Therefore, the results in Figure 4-7 suggest that the presence of pro-oxidant 
increases the chain scissions in OPE leading to a decrease in molecular weight. According to 
literature, photo-oxidation causes both chain scission and cross-linking of PE but in the presence 
of oxygen, chain scission reactions are considered to be predominant (Craig et al 2005; Khabbaz, 
Albertsson & Karlsson 1999; Koutny, Lemaire & Delort 2006). 
 
Hydroperoxides, which are one of the main products of oxidative degradation of polymer, initiate 
further degradation of polymer leading to the generation of products such as alcohols, ketones, 
carboxylic acid and so on (Figure 4-8). Functional groups such as carbonyl groups generated 
during photo-oxidation absorb light and produce carbonyl groups at an excited state, which exist 
as a biradical. The biradical could abstract hydrogen from a polymer molecule (RH) and form a 
ketyl radical, which then leads to the acceleration of the abiotic oxidation of the samples as 
shown in Figure 4-11 (Peterson, Vyazovkin & Wight 2001). Also, the excited carbonyl groups 
(singlet or triplet states) can further decompose via Norrish reactions of types I and II (Figure 
4-9). The Norrish type I reaction involves a radical cleavage of the bond between the carbonyl 
group and α C- atom, which is followed by the formation of two radical fragments that can react 
with the alkoxy radical on the PE chain and enhance the radical formation further. In the Norrish 
type II reaction, non-radical, intramolecular process occurs via the formation of a six-membered 
cyclic intermediate and ends up with an unsaturated polymer chain with end carbonyl groups. A 
peak observed around 1740 cm-1 in the IR spectrum of irradiated PE samples shown in Figure 
4-13 and Figure 4-14 indicates the formation of the esters during the photo-oxidation (Figure 4-
10). Among these functional groups, hydrophilic groups such as carboxylic acid and alcohols 
make the polymer surface hydrophilic, which is a favorable environment for micro-organism 
growth (Jakubowicz, Yarahmadi & Petersen 2006). 
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Figure 4-8: Reaction scheme for peroxide decomposition of hydroperoxide to produce  
Oxo-biodegradable products (Dintcheva, Mantia & Malatesta 2009) 
 
 
 
 
 
Figure 4-9: Norrish type I and II degradation (Albertsson, Andersson & Karlsson 1987) 
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Figure 4-10: Ester formation during abiotic oxidation (Albertsson, Andersson & Karlsson 1987) 
 
 
 
 
 ● ● ● 
 C=O  C O    +RH   C  OH + R● 
(Polymer) 
 
 
Figure 4-11: Hydrogen abstraction of carbonyl biradical excited state 
 
 
Incorporation of pro-oxidant (metal stearate) into PE matrix initiates the polymer degradation due 
to the generation of free radicals that can react with atmospheric oxygen to generate 
hydroperoxides as primary products. The hydroperoxides can then thermolyse or photolyse under 
the catalytic action of metal ions present in pro-oxidant and accelerate the photo-oxidation 
process. When polymer contains metal stearate as a pro-oxidant, it absorbs energy which leads to 
electron transfer occurs in the 3d sub shell of the transition metal atom, which then leads to the 
production of carboxylic acid free radical (R׳ COO●). This will further decarboxylates to form R●, 
which transforms LDPE (RH) into free radical R●. In the presence of heat/UV and oxygen, ROOH 
ђν 
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(hydroperoxides) are formed and decomposed into radicals, which can accelerate the photo-
oxidation process according to the reaction scheme shown in Figure 4-12. Pro-oxidant additives 
can be added in low concentrations (typically 1 to 5 wt %) in the formulation of conventional 
polymer resins, or even in hydro-biodegradable resins without any major change in their original 
mechanical and optical properties. These pro-oxidant activated materials have been used in many 
applications including mulch films, agriculture and retail shopping bags and garbage bags (Ojeda 
et al 2009; Roy et al 2005). 
 
 
 
 
 
 
Figure 4-12: Reaction scheme for the PE degradation by transition metal carboxylates (Roy et al. 2005) 
 
 
4.2.1.3 FTIR analysis of photo-oxidised PE and OPE 
 
During photo-oxidation, polymer macromolecules degrade leading to the formation of alkyl 
radicals. These unstable alkyl radicals then combine with oxygen to form hydroperoxides, which 
can then decompose to produce alkoxy radicals. These alkoxy radicals may either abstract 
hydrogen from the polymer backbone or undergo β-scission. As a result of these propagation 
steps, the polymer matrix is degraded further leading to the production of a mixture of carbonyl 
and hydroxyl species (Qin et al 2003). 
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Figure 4-13: FTIR spectra (a) (1500–2000 cm-1) and (b) (3000–4000 cm-1) of PE after 14 days of photo- 
oxidation  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                 (a)                                                                                                          (b) 
  
Figure 4-14: FTIR spectra (a) (1500–2000 cm-1) and (b) (3000–4000 cm-1) of OPE after 14 days of photo-
oxidation  
 
 
 
The formation of carbonyl and hydroxyl groups can be monitored using FTIR results as shown in 
Figure 4-13 and Figure 4-14 for PE and OPE, respectively. The peaks observed at 1713 cm-1 are 
due to the formation of carbonyl groups (C=O). The shape of the peak at 1713 cm-1 is fairly 
broad, suggesting that more than one functional group is formed within the C=O family. The 
peak at 1757 cm-1 is assigned to either isolated carboxylic acids or pre-esters (Philippart et al 
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1999). The peak at 1735 cm-1 is assigned to carbonyl absorption of esters whereas that at 1780 
cm-1 is assigned to the vibration of lactone (Tidjani 2000). The broad peak observed around the 
wave number of 3400 cm-1 is due to hydrogen-bonded hydroxyl groups (alcohols, hydroperoxides 
and carboxylic acids). The narrow and weak absorption peaks at 3605 cm-1 are attributed to non-
hydrogen-bonded alcohols (Figure 4-14 (b)).  
 
The increase of absorption intensities of 1641 cm-1 peak in the FTIR spectra (Figure 4-14) 
indicate the formation of unsaturated vinyl groups (Wu et al 2000). It has been found in the 
abiotic oxidation of PE, propene and 1-hexene appear to be the most abundant products. This is 
because a reaction of a radical with a hydrogen atom on the fifth carbon atom should be 
geometrically very favourable since the transition state is a six-membered ring. The resulting 
radical species could then undergo chain scission and end up with propene and 1-hexene. All the 
abiotic oxidation products formed as a result of chain scission reactions begin at weak link sites, 
when the polymer degradation is induced by heat or UV light. There are four possible weak link 
structures within the PE chain, namely peroxides, carbonyls, chain branches and unsaturated 
structures (Peterson, Vyazovkin & Wight 2001). Sharp increases in absorption in the carbonyl 
region (1690–1740 cm-1) and hydroxyl region (3200–3600 cm-1) clearly show that OPE has been 
affected by the oxidation due to the pro-oxidant additive. 
 
Carbonyl index (CI) is used as a measure of the rate of photo-oxidation and also the formation of 
low molecular weight carbonyl compounds in the process. It is defined as the ratio of carbonyl 
and methylene absorbance as shown in the equation (4-1). CI values of 14 days photo-oxidised 
PE and OPE samples are shown in Figure 4-15. It can be clearly seen that there is negligible 
increase in CI of pure PE whereas there is a significant increase in CI values of OPE. When 
comparing the CI values after 14 days of irradiation, the CI of OPE is 7.5 times higher than that 
of PE. If the changes in CI and Mw values for irradiated PE and OPE samples are compared, it 
can be seen that the CI value increases when the Mw value decreases (Figure 4-15 and Figure 
4-16). This is because the catalytic activity of the metal in the pro-oxidant leads to the ready 
decomposition of peroxides to form reactive intermediates. This will lead to the accumulation of 
carbonyl groups in polymer. This decreasing trend of molecular weight with increasing CI has 
been explained using the chain scission mechanisms suggested for the photo-oxidation of 
polyolefins by Khabbaz, Albertsson and Karlsson (1999). The significant drop in molecular 
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weight of OPE with irradiation time is accompanied by the generation of low molecular mass, 
hydrophilic polymer fragments, which are vulnerable to assimilation of microorganisms.
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Figure 4-15: Carbonyl index of the abiotically oxidised PE and OPE for a period of 14 days 
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Figure 4-16: Molecular weight changes of abiotically oxidised PE and OPE for a period of 14 days 
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4.2.1.4 Thermal analysis of photo-oxidised PE and OPE 
 
Figure 4-17 depicts the TGA traces for PE and OPE that have been exposed to UV for seven days. 
It can be seen that the irradiated OPE sample decomposes at a much lower temperature compared 
with the irradiated PE sample. The decomposition temperature of the irradiated PE sample is 
around 400°C while that of OPE is around 190°C due to the generation of more low molecular 
weight polymer fragments in OPE during photo-oxidation. The presence of these degradation 
products can be used to account for the decrease in the IDT (initial decomposition temperature) 
observed for the OPE. 
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Figure 4-17: TGA traces of PE and OPE after 7 days irradiation 
 
 
Figure 4-18 shows the DSC curves for PE films that were exposed to UV light for different 
number of days. The thermal characterisation data obtained from DSC traces is listed in Table 
4-2. The melting peak temperature (~110°C) of these films does not change much with irradiation 
time. However, the heat of fusion and degree of crystallinity increases with irradiation time 
during the first 10 days. Such an increase in crystallinity of PE films upon irradiation has been 
reported in literature (Roy et al 2007). The increase in the degree of crystallinity is caused by the 
recrystallisation of short chains produced by chain scission of tie chains during the photo-
oxidation process. After 10 days, the decrease in the degree of crystallinity can be attributed to 
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the limited scission of tie molecules between the individual crystallites, which leads to the 
relaxation of local stresses and an increase of heat of fusion or surface erosion of some crystal 
phases by oxidation (Albertsson, Barenstedt & Karlsson 1992; Li et al 2008).  
 
 
Table 4-2: Summary of the thermal measurement results of photo-irradiated LDPE film 
 
UV exposure period (days) Mp (°C) Heat of fusion 
(J/g) 
Crystallinity (%) 
 
0 110.67 110.18 39.49 
7 110.67 112.63 40.37 
10 110.92 113.16 40.56 
14 110.53 108.45 38.87 
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Figure 4-18: The DSC curves for PE irradiated for a different number of days 
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Figure 4-19: The DSC curves for PE and OPE irradiated for 7 days  
 
 
 
 
Table 4-3: Summary of the thermal measurement results of PE and OPE films photo-irradiated for  
7 days 
 
Sample Mp (°C) Heat of fusion 
(J/g) 
Crystallinity 
(%) 
 
PE 110.67 112.63 40.37 
OPE 113.65 137.85 49.41 
 
 
In the DSC scans of seven days irradiated PE and OPE films, an endothermic transition due to 
melting is observed around 110°C, and there is no significant change in the melting point due to 
addition of pro-oxidant (Figure 4-19). The crystallinity, however, is expected to increase due to 
the gradual erosion of amorphous regions. This increase is related to molecular chain scissions, 
preferentially of the amorphous fraction of the polymer, and it results in the release of short chain 
segments with high mobility that are free to rearrange into a crystallite phase; this process is 
known as chemicrystallisation (Kandiloti et al 2006). The chain scissions allow the resulting low 
molecular weight fragments to crystallise or act as nucleating agents to enhance the rate of 
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crystallisation. The creation of new intermolecular polar bond between carbonyl and hydroxyl 
groups also leads to an increase in crystallinity. The crystallinity is found to be 49.41% in OPE, 
which is significantly higher than that for irradiated pure PE film (40.37%) (Table 4-3). After 
seven days of irradiation, OPE crystallinity is increased by 25% whereas it is only increased by 
2% in PE. A similar trend was observed by Roy et al (2007) who confirmed the increase in 
crystallinity in the presence of pro-oxidant using X-ray diffraction patterns. The fact that the 
crystallinity increases due to the chain scission process leading to recrystallisation confirms that 
the addition of pro-oxidant enhances the generation of low molecular fragments during photo-
oxidation. 
 
4.2.2 Biodegradation of photo-oxidised PE and OPE 
  
PE, particularly as thin films, has found widespread use as a packaging material primarily 
because of its excellent mechanical properties, barrier properties against water-borne micro-
organisms, low cost and high energy effectiveness. However, the property of recalcitrance to 
micro-organisms, which had once made PE a popular choice as a packaging material, has now 
made it a subject of much criticism. Most of the PE, after serving its useful life as a packaging 
film, finds its way to landfill sites, where it simply refuses to degrade because of its non-
biodegradable nature. The inherent resistance of PE to biological attack can be attributed to its 
hydrophobic nature (carbon-only backbone), high molecular weight and the absence of functional 
groups recognisable by microbes.  
 
The major strategy to facilitate the disintegration and subsequent abiotic degradation in the 
presence of pro-oxidants generally leads to the formation of functional macromolecules that can 
thermally or photochemically cleave repeatedly to low molecular weight oxygenated fragments. 
These include aliphatic carboxylic acids, alcohols, aldehydes and ketones, which can support 
microbial growth and in turn get consumed by micro-organisms (Ojeda et al 2009). 
 
Currently, oxo-biodegradable PE constitutes a more economical alternative, because its final cost 
is only about 10–20% higher than that of PE. The additional cost is mainly because of the pro-
oxidant additives added to PE, polypropylene, polystyrene, or other polymers. Among the 
substances added to the pro-oxidant additives are cobalt, manganese and iron compounds, as well 
as substances formed by polyunsaturated molecules. The compost resulting from the use of these 
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oxo-biodegradable polymers did not exhibit eco-toxicity in applied whole organism tests. Since 
the scientific literature available on oxo-biodegradable polymers is relatively limited, they must 
be validated as environmental alternatives (Roy et al 2008; Ojeda et al 2009). Based on these 
needs, this study aims to compare the biotic mineralisation of neat PE and oxo-biodegradable PE.  
 
Recently two studies presented quantitative indications of the biodegradability of PE film 
containing a pro-oxidant additive. Chiellini et al (2006) subjected previously thermally exposed 
film to incubation in soil or compost conditions and reported 50–60% and 80% mineralisation 
respectively, after approximately one and a half years of incubation. Jakubowicz (2003) claims 
even 60% mineralisation during a mere six-months incubation of PE with pro-oxidant additive. 
 
During the microbial degradation stage, most of low molecular weight compounds will be 
utilised by the microbes. The molecular weight changes during biodegradation can therefore be 
studied by gel permeation chromatography, and then can be correlated with the biofilm growth 
during the biodegradation process. Microbial growth or the formation of bio film on PE film can 
be observed using environmental scanning electron microscopy (ESEM) images. During 
biodegradation, the micro-organisms damage the integrity of PE, so the polymer degradation can 
be due to the changes in molecular weight, chemical structure and mechanical properties. The 
changes in chemical structure of polymers can be monitored by the carbonyl index. In this study, 
all the parameters mentioned above were used to monitor the biodegradation process of photo-
oxidised PE and OPE.  
 
4.2.2.1 Surface morphological studies 
ESEM was used to investigate the changes in the surface morphology of the films. ESEM images 
are important in biodegradation studies because they provide valuable information about the 
growth of micro-organisms during the biodegradation process. Biodegradation is the result of 
utilisation of PE as a nutrient (carbon source). So it will be more effective if the microbes could 
form a biofilm on the PE film surface for their sustained growth during the entire biodegradation 
process. The ESEM images could show the bacterial adhesion and biofilm formation on polymer 
films exposed to biotic environment. The biological attack generally begins with the colonisation 
of the polymer surface by the bacteria. The adhesion is scattered (not uniform) indicating that the 
amorphous region of the polymer was more susceptible to microbial adhesion and degradation. It 
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has been reported previously that the microbial growth is mainly concentrated around the fissures 
resulting from the abiotic attack, but is minimum inside the fissures, which suggests that the low 
molecular nutrients migrate to the surface from the bulk of the polymer (Roy et al 2008).  
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Figure 4-20: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa (after 2 months) on (a) 
unaged PE (b) 7 days irradiated PE 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
                                  (a)  (b) 
 
Figure 4-21: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa (after 2 months) on 
(a) unaged OPE (b) 7 days irradiated OPE 
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                                                 (a)                                                                                        (b)  
 
Figure 4-22: Film samples of 7 days irradiated and 2 months biodegraded (a) PE (b) OPE 
 
 
 
ESEM micrographs of unaged and aged PE and OPE samples are shown in Figure 4-20 and 
Figure 4-21, respectively. When comparing those ESEM images, it can be clearly seen 
Pseudomonas aeruginosa has effectively colonised the abiotically oxidised films compared with 
unaged films; also it prefers to colonise abiotically oxidised OPE than PE. Also there is clear 
visual evidence to prove the above conclusion (Figure 4-22).This observation prove s that the 
OPE film is a more suitable substrate for microbial growth due to the abundance of nutrients (low 
molecular fragments) and its hydrophilic surface, which lead to improved moisture absorption. A 
similar observation has been reported by Bonhomme et al (2003), who concluded that bio-
erosion of abiotically oxidised OPE is greater than that of PE. A few other studies also show that 
micro-organisms can grow on PE surface and consume low molecular compounds generated by 
abiotic oxidation (Albertsson et al 1998; Bonhomme et a. 2003; Koutny et al 2006).  
 
Figure 4-23 shows the FTIR spectra of photo-oxidised PE and OPE samples after eight weeks of 
biodegradation. The presence of the bio-film on photo-oxidised PE and OPE films can 
independently be proved by the FTIR spectra in which the peaks at 1653 cm-1 and the nearby 
bands on the right can be assigned to protein material and the broad bands peaking at 1133 and 
993 cm-1 indicate the presence of polysaccharides. Since protein and polysaccharides are the 
main components in the bacteria cell structure it can be clearly seen from Figure 4-23 that the 
Pseudomonas aeruginosa population on abiotically oxidised OPE film is larger than that on PE 
film. 
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Figure 4-23: FTIR spectra of the photo-oxidised PE and OPE after 8 weeks incubation 
 
 
4.2.2.2 Thermal analysis of PE and OPE during biodegradation 
 
The crystallinity data obtained for PE and OPE samples that were subjected to seven days photo-
oxidation and after eight weeks biodegradation are shown in Table 4-4. It can be seen that, during 
the biodegradation process, crystallinity increases in both samples. It could be because micro-
organisms may attack the amorphous region of the material thereby leading to an increase in the 
overall degree of crystallinity of the sample. But OPE film with a higher fraction of low 
molecular fragments causes a greater microbial attack and therefore increases the crystallinity to 
a higher level compared with PE. Chandra and Rustgi (1997) noticed a similar change in the 
crystallinity of PE after biodegradation in a study of biodegradation of PE/starch blends. 
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Table 4-4: Crystallinity data of PE and OPE before and after biodegradation 
 
 
 
4.2.2.3 FTIR analysis of PE and OPE biodegradation 
 
Figure 4-24 shows the changes in FTIR spectra of biodegraded PE and OPE samples. It can be 
seen that the amount of carbonyl residues in the photo-oxidised PE and OPE decreases due to 
their utilisation by the bacteria. The changes in carbonyl absorbance for PE are negligible 
whereas they are quite significant for OPE. Earlier in ESEM micrographs, the extent of growth of 
the micro-organisms on the aged PE sample is found to be significantly lower than those found 
on aged OPE film. This result is further confirmed by the CI data for PE and OPE before and 
after the biodegradation process shown in Figure 4-25. It can be seen that CI value decreases after 
the biodegradation process for all samples but the rate of decrease in PE is relatively small 
compared with that of OPE, indicating higher levels degradation in OPE. The decrease in CI can 
be attributed to the preferential microbial assimilation of ester/carbonyl compounds formed 
during abiotic oxidation. These findings are in accordance with the biodegradation mechanisms 
suggested by Albertsson, Andersson and Karlsson (1987) on a synergistic effect between photo-
oxidation and biodegradation of PE. Carboxylic acids formed during the abiotic oxidation react 
directly with coenzyme A and remove two carbon fragments forming acetyl coenzyme while 
ketone groups react with water and converted to carboxylic acids before converting into acetyl 
coenzyme, which enters the citric acid cycle and produces carbon dioxide and water as the final 
degradation products (Figure 4-26). 
 
 Sample After abiotic oxidation After biodegradation 
 Heat of fusion 
(J/g) 
% Crystallinity Heat of fusion 
(J/g) 
% Crystallinity 
PE 112.63 40.37 112.77 40.42 
OPE 137.85 49.31 141.92 50.87 
 116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                
 
                                    (a)  (b) 
 
Figure 4-24: FTIR analysis of (a) PE and (b) OPE before and after biodegradation for 8 weeks 
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Figure 4-25: Changes in carbonyl index of PE and OPE at various stages of biodegradation process 
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Figure 4-26: Proposed mechanism for the biodegradation of PE by (Albertsson, Andersson & Karlsson 1987) 
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4.2.2.4 Molecular weight changes and distribution for PE and OPE during 
biodegradation 
 
Figure 4-27 and 4-28 show the changes in molecular weight distributions (MWD) for PE and 
OPE films during the photo-oxidation and biodegradation processes. After seven days of photo-
oxidation, the molecular weight distribution curves for both samples shift left towards the low 
molecular weight scale indicating the formation of low molecular weight compounds. However, 
the OPE curve shifts more towards the left indicating the production of low molecular polymer 
fragments is greater in this case. After inoculation with Pseudomonas aeruginosa, the molecular 
weight distribution curves for the abiotically oxidised films shifts toward the right indicating that 
the low molecular weight fragments present in the oxidation products are being eliminated or 
utilised. Once again, the OPE curve shifts more towards the right compared with that for PE 
confirming more polymer molecules are utilised by Pseudomonas aeruginosa in the OPE. This 
trend of MWD curve also confirms that the pro-oxidant action has ceased during the 
biodegradation. According to the MWD of PE and OPE, Pseudomonas aeruginosa is just able to 
consume the chain ends of low molecular weight compounds on the surface of the abiotically 
oxidised films and unable to utilise the high molecular weight fractions.  
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Figure 4-27: Molecular weight distribution curves at various stages of the PE degradation process 
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Figure 4-28: Molecular weight distribution curves at various stages of the OPE degradation process 
 
 
Table 4-5: Changes in Mw and Mn for PE and OPE during the degradation process 
 
Sample 
Unaged After abiotic oxidation 
 (7 days) 
After biodegradation 
         (8 weeks) 
 Mn  x 103 Mw x 103 Mn x 103 Mw x 103 Mn x 103 Mw x 103 
PE 31.770 
 
182.310 
 
29.350 
 
158.802 
 
14.766 
 
350.481 
 
OPE 30.642 
 
182.250 
 
3.370 
 
8.739 
 
3.261 
 
7.808 
 
 
 
The Mn and Mw values for unaged and aged PE and OPE samples are given in Table 4-5. The 
greater abiotic oxidation level in OPE decreases the Mw to about 9000 after seven days. Results 
from different studies confirm that the decrease in average Mw under about 5000 is the most 
important factor that signifies the extent of biodegradation in a reasonable time period. Another 
mechanism for explaining microbial degradation of polymer was proposed by Koutny, Lemaire 
and Delort (2006). When the Mw value is about 5000, 20% of the polymer matter is present 
within the fraction with Mw under 1000 or 2000 and this fraction can be rapidly biodegraded. 
According to this mechanism, pro-oxidant additives in OPE accelerate the abiotic oxidation and 
subsequently decrease the Mw thus leading to a higher rate of biodegradation. As a result, the 
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average Mw has decreased in biodegraded OPE compared with oxidised OPE whereas Mw of PE 
has increased after the biodegradation. Due to the low level of oxidation in PE, it can generate 
only a few low molecular fragments that can be utilised by microbes and a higher fraction of high 
molecular weight fragments will remain after the biodegradation. This leads to a higher average 
Mw as shown in Table 4-5. When the biodegradation rate is high, the vacancies produced by 
microbes cause swelling and relaxation of the whole material and facilitate the diffusion of water 
and oxygen inside, which enhances the abiotic oxidation further. 
 
It has been already shown that a significant amount of low molecular compounds are produced 
during abiotic oxidation, which could be consumed by micro-organisms. Koutny, Lemaire and 
Delort (2006) observed the release of low molecular weight compounds to water media from 
thermo- and photo-oxidised HDPE and LDPE samples using NMR spectroscopy. They reported 
that these substances are completely consumed by Rhodococcus rhodochrous strain during the 
four days of cultivation but the samples without oxidation pretreatment did not release any 
substances. In most of the studies involving long-term biodegradation, they observed a period of 
fast growth in the beginning of incubation caused by the consumption of additives and/or low 
molecular oxidation products of PE. After this initial phase, the metabolic activity of the 
microbes was found to decrease significantly making it difficult to detect the biodegradation 
process. Koutny et al (2006) investigated the microbe growth after the initial phase with the help 
of adenosine triphosphate and adenosine diphosphate and found that the micro-organisms 
continuously gained energy from the oxidised PE at a lower rate.  By considering all these factors 
Koutny, Lemaire and Delort (2006) proposed a mechanism for PE biodegradation as shown in 
Figure 4-29. 
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Figure 4-29: Biodegradation mechanism of PE proposed by Koutny et al (2006) 
 
 
 
 
4.3 Conclusions 
 
Oxo-biodegradation of PE and OPE (PE with pro-oxidant) was investigated by inoculating 
abiotically oxidised film samples with Pseudomomans aeruginosa for eight weeks. According to 
the results, the pro-oxidant enhances the abiotic oxidation and decreases the average Mw of OPE 
drastically, yielding a higher fraction of low molecular polymer fragments compared with neat 
PE. Pseudomoans aeruginosa is able to utilise these low molecular weight compounds and 
initiate the biodegradation process with the formation of biofilm on the film samples. Higher 
concentration of low molecular fragments and hydrophilic nature of OPE make the polymer 
1. Lower molecular weight PE fragments with carboxylic end groups are 
produced by abiotic oxidation 
 
2. If the molecule is still too big to enter the cell, soluble extra cellular enzymes 
or cell wall-associated enzymes mediate their further oxidation 
3. Biosurfactant on the cell wall surface ensures the adhesion of cells on the 
material and mobilises water soluble products through the cell wall which can be 
transformed by enzymes in the cytoplasmic membrane 
 
 
4. Completely assimilated by the β oxidation in the cytoplasm of the cell 
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surface more suitable for microbial growth.  So a higher biodegradation rate is observed in the 
OPE sample compared with PE. However, high molecular weight regions in the molecular weight 
distribution curve exhibit little changes indicating Pseudomonas aeruginosa is able to utilise just 
the end chain products and unable to perturb the whole polymer volume. According to the 
crystallinity data, it can be seen both abiotic and biotic degradations are more prominent in 
amorphous regions of the polymer. 
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5 Chapter 5 Structure-Property Relationship of Polyethylene 
Nanocomposites 
 
5.1 Introduction 
 
Inorganic fillers are often added to PE to form composites or nanocomposites in which the filler 
serves to enhance the mechanical properties. Nanocomposites are a new class of filled polymers 
in which inorganic fillers such as clay platelets at the nanometre scale are dispersed in a polymer 
matrix. In recent studies on PE degradation, it has been found that PE nanocomposites exihibit a 
greater degradation rate compared with PE (Adams & Wilkie 2001; Qin et al 2003). Adams and 
Wilkie (2001) reported that the photo-oxidative degradation of polypropylene nanocomposites is 
greater than that of pure polypropylene. Similar results were reported by Qin and co-workers for 
PE nanocomposites (Qin et al 2003). They proposed a mechanism in which the main cause for 
this enhancement is considered to be the acidic sites created on the clay surface by thermal 
decomposition of ammonium ions in the clay. Despite these studies, a comprehensive knowledge 
on the impact of clay on the photo-oxidation of PE is still lacking.  
 
According to the Chapter 4 results, pro-oxidants affect only the oxidation stage of the polymer 
degradation and do not support the biodegradation process. The main objective of this work is to 
improve the overall oxo-biodegradation of PE. This study investigates the effect of 
montmorillonite clay, which is normally used to improve the mechanical properties of PE, on the 
oxo-biodegradation of PE. The knowledge obtained from this investigation will be useful in the 
design of more environmentally friendly degradable polymeric materials. Before the oxo-
biodegradation study, a systematic study was conducted to determine the structure–property 
relationship of PE nanocomposites.  
 
For uniform distribution of hydrophilic clay in hydrophobic polymer matrix, the adhesion 
between the polymer and clay is generally enhanced either by the organic modification of clay or 
fictionalisation in the host polymer (Mohanty & Misra 2009). A favourable enthalpy of mixing 
for the polymer and clay can be achieved by increasing the interactions between the polymer and 
MMT. In this study, maleic anhydride grafted PE (PE-g-MA) and modified clay were used to 
prepare the nanocomposites. PE nanocomposites were prepared by the melt intercalation 
technique and characterised using mechanical, thermal, rheological, and barrier properties. 
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5.2 Results and discussion 
5.2.1 Morphological characterisation of polyethylene nanocomposites  
 
Wide-angle X-ray scattering (WAXS) reveals nanoscale morphologies and it is one of the 
predominant characterisation techniques for nanocomposites. Since it provides a suitable means 
for determining the periodic interlayer distance commonly known as d-spacing, WAXS can be 
used to measure the extent of PE chain intercalation into the silicate layers.  The results are 
analysed by considering the shift in Bragg peak with respect to the scattering angle (2θ). PE 
nanocomposites with different clay loadings (2, 3, 5 and 7 wt%) were tested in this study (Table 
5-1). 
 
Table 5-1: Compositions of samples used in this study 
 
PE PE-gMA MMT Sample name 
(wt %) (wt %) (wt %) 
PE 100 5 - 
PE-2 wt % clay  (2C) 93 5 2 
PE-3 wt % clay  (3C) 92 5 3 
PE-5 wt % clay  (5C) 90 5 5 
PE-7 wt % clay  (7C)     88 5 7 
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Figure 5-1: XRD patterns of cloisite 15A (MMT) and PE/MMT nanocomposites 
 
 
X-ray diffraction patterns of cloisite 15A and PE nanocomposites are shown in Figure 5-1. Using 
the results shown in this figure, the d-spacing for cloisite 15A is determined (using Bragg’s Law, 
nλ=2d sin θ) to be 3.17 nm as 2θ is 2.78°. A shift to the lower angles of the characteristic peak 
represents the formation of intercalated structure whereas the disappearance of the peak signals 
probable existence of an exfoliated morphology of PE nanocompostites (Bhattacharya, Gupta & 
Musa 2007). Curves for all nanocomposite samples, except for the sample with 2 wt% clay, 
display characteristic peaks at angles less than that for pure clay indicating the formation of 
intercalated morphology. These results indicate that the silicates are dispersed in the polymer 
matrix but retained the stacked structure of the pristine clay. MMT is retained with only a small 
increase in the layer spacing from 3.17 to 3.32 nm for nanocomposites with 3, 5 and 7 wt% clay 
loadings. The increase in d-spacing for polymer nanocomposites relative to cloisite 15A 
organoclay shows that the silicate layers have expanded because of intercalation of polymer 
chains into the gallery spaces. The absence of the characteristic filler peak for the sample with 2 
wt% clay indicates that the clay has nearly exfoliated in the polymer matrix. During the melt 
blending in the twin screw extruder, clay particles are first fractured by mechanical shear and 
then polymer chains diffuse into the clay galleries because of either a physical or chemical 
affinity between the polymer and organoclay surface. As a result of that clay platelets are moved 
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apart from each other (Reddy et al 2007). With increasing clay concentration, the interaction 
between the polymer matrix and the clay decreases leading to an intercalated structure. 
 
5.2.2 Rheological characterisation 
 
Rheological techniques enable a real-time monitoring of process influences on the micro-
structure of materials. Rheology has been extensively used in the study of nanocomposites in 
conjunction with basic characterisation techniques such as XRD, TEM and so on (Bhattacharya, 
Gupta & Musa 2007). Percolation is the process of network formation by random filling of bonds 
(or sites) on a lattice, or by random filling of regions in space (Prasad 2004).  
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Figure 5-2: Slope of G’ at low frequency as a function of Cloisite 15A loading (wt %) for PE nanocomposites 
 
 
Figure 5-2 shows the percolation threshold for the polymer samples, which are determined from 
the slopes of the terminal region from the dynamic frequency plot (Figure 5-4). The figure shows 
that an abrupt change in the slope of the curve takes place at around the 3 wt % clay loading 
region indicating that the percolation threshold for the samples is around 2 – 3 wt%. The 
percolation threshold is the clay loading value after which no further exfoliation is possible even 
if the shear rate applied to the sample is increased. This result also makes physical sense since 
after the percolation threshold no further exfoliation is possible and further clay loading results in 
Percolation 
threshold region 
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formation of intercalated nanocomposites. These results are compatible with WAXS results 
shown in Figure 5-1, which indicate the nanocomposites are intercalated after 2 wt% clay loading. 
 
The complex viscosity,    η∗  and elastic modulus, G' for PE and its nanocomposites are shown in 
Figure 5-3 and Figure 5-4, respectively. From both plots, it can be seen that PE nanocomposites 
exhibit a higher degree of pseudoplasticity as compared to pure PE. The Newtonian plateaus that 
can be observed for PE in η∗ curve (Figure 5-3) at low frequencies are not found for 
nanocomposites, especially for those with higher concentrations of clay (5C and 7C). Similarly, it 
can be seen that the slope of G' curves (Figure 5-4) in the terminal region (low frequencies) 
decreases significantly with increasing clay concentration indicating “solid-like behaviour”, 
especially for 5C and 7C .     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-3: Complex viscosity, (η∗) versus frequency of neat PE and its nanocomposites with different clay 
loadings 
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Figure 5-4: Storage modulus, (G') versus frequency of neat PE and its nanocomposites with different clay 
loadings 
 
 
All PE-clay nanocomposites used in this study exhibit frequency-thinning behaviour, that is, the 
complex viscosity decreases with increase in frequency (Figure 5-3). The pseudoplasticity of 
nanocomposites increases significantly with increase in clay concentration such that the complex 
viscosities of nanocomposites are comparable to those of pure PE at higher frequencies. These 
observations suggest that the silicate layers of nano-clay are oriented towards the flow direction 
at high shear rates and the shear thinning behaviour observed for nanocomposites is dominated 
by the pure polymer (Bhattacharya, Gupta & Musa 2007). This finding also suggests that the 
presence of clay does not affect the processing of PE nanocomposites as it usually occurs at high 
shear rates. 
 
5.2.3 Barrier properties 
 
Oxygen permeation properties of PE and its nanocomposite films are shown in Figure 5-5. Neat 
PE exhibits the highest permeation rates compared to nanocomposite samples. In the 
nanocomposites, oxygen permeation rate is decreasing with increasing clay concentration due to 
a more tortuous path for the gas molecules thus providing more effective barrier sites. The path of 
the permeant in the polymer is called the tortuous path. The presence of impermeable disc-shaped 
fillers like clay in the polymer could increase the tortuous path of the permeant and reduce the 
rate of diffusion. The extent of increase in the tortuosity possibly depends on the orientation of 
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the filler with respect to the direction of permeation. The greatest increase in tortuosity will be 
obtained only if the fillers have their basal planes oriented normal to the direction of permeation. 
On the other hand, if the fillers have their basal plane oriented along the direction of permeation 
no improvement in the tortuosity is expected (Bafna 2004). 
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Figure 5-5: Oxygen permeability properties of PE and its nanocomposites 
 
 
The oxygen permeation pattern of PE and its nanocomposites is important in studying their oxo-
biodegradation process since oxygen is one of the main reactants in the abiotic oxidation of a 
polymer.  
 
5.2.4 Thermal properties 
 
DSC data for pure PE and its nanocomposites are summarised in Table 5-2. The crystallisation 
enthalpy and melting enthalpy values increase with an increase in cloisite 15A concentration 
except for the case of 7 wt %. This implies that the presence of clay nanoparticles facilitates the 
crystallisation of PE and this effect is reversed with higher nanoparticle content (7 wt%). It can 
also be seen that the crystallinity (Xc) increases slightly by the incorporation of MMT up to 7 
wt %. It is generally accepted that nano-fillers will act as nucleating agents in polymer 
crystallisation. However, experimental observations showed varied results for clay/PE and 
clay/PP nanocomposites. There are contradictory reports in the literature on crystallisation 
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behaviour. Crystallinity has been found either to increase or decrease due to the addition of clay 
(Lee et al 2005; Li et al 2008; Mohanty & Misra 2009). According to the results obtained in this 
study, it can be concluded that the clay nanoparticles act as nucleating agents up to 5 wt % and 
increase the crystalinity, and beyond that point they disturb the crystallinity of polymer. 
 
Table 5-2: Thermal properties of PE and its nanocomposites 
 
 
 
 
0 50 100 150 200
Temperature (◦C)
H
e
a
t f
lo
w
/A
.
U.
PE
2C
3C
5C
7C
 
  
Figure 5-6: DSC curves of PE/clay nanocomposites with various clay contents 
 
PE is a semi-crystalline polymer and its properties depend significantly on its crystallisation 
behaviour. When PE nanocomposites are formed, the presence of organoclay in PE matrix affects 
its crystallisation. Maiti et al (2002) reported that, during isothermal crystallisation, organoclay 
Sample 
Melting 
enthalpy 
Melting 
temperature 
Crystallisation 
enthalpy 
Crystallisation 
temperature Crystallinity 
 ∆Ηf (J/g) Tm ( ◦C) ∆Ηc (J/g) Tc ( ◦C) Xc (%) 
PE 115.7 110.62 79.98 97.92 39.49 
2C 117.6 110.86 80.30 98.70 40.14 
3C 118.7 110.87 81.26 98.63 40.51 
5C 119.6 110.81 82.56 98.59 40.82 
7C 111.6 110.73 76.20 98.60 38.09 
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layers act as heterogeneous nuclei for PP. This microstructure increases the crystallisation rate of 
PP nanocomposites. In the case of PE nanocomposites, a large number of dispersed organoclay 
layers act as heterogeneous nuclei, so that the crystallisation rate is much faster. In other words, 
higher organoclay loading corresponds to a faster crystallisation rate. Uniform dispersion of the 
filler is required to maximise the surfaces area available for nucleation of PE.  
 
DSC curves of PE/MMT nanocomposites with different MMT contents are shown in Figure 5-6. 
The melting temperature of the composites is observed to be almost the same as that of the virgin 
polymer with the comparable molecular weight while the crystallisation temperature increases 
with increasing clay concentration due to action of clay as an efficient nucleation agent. A similar 
trend was observed by Yang Feng et al (2003) with PE nanocomposites. 
 
Thermal stability of PE and its nanocomposites at different clay loadings was analysed in this 
study using TGA (Figure 5-7). TGA traces show a marginal shift of weight loss curve towards 
higher temperature with a small increase in onset temperature (the temperature at which the 
degradation begins) with increase in clay content in nanocomposites. According to these results, 
thermal stability of PE nanocomposites is higher than that of neat PE. This type of improvement 
in thermal stability is relatively common when clay is added to the polymers. Due to their high 
aspect ratio, silicate layers are capable of dissipating energy and if the silicate layer and host 
matrix have interphases of nanolevel thickness, transfer of heat from the host to filler occurs 
easily. As a result of that, heat resistance is further increased in nanocomposites. 
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Figure 5-7: TGA analysis of PE and its nanocomposites with different clay loadings 
 
 
5.2.5 Mechanical properties 
 
Tests on tensile strength and elongation at break of PE and its nanocomposites were performed to 
investigate the mechanical properties of the nanocomposites. Figure 5-8 and Figure 5-9 show the 
average tensile strength and elongation at break as a function of clay loading, respectively 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-8: Tensile strength of PE and its nanocomposites 
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Figure 5-9: Elongation at break (%) of PE and its nanocomposites 
 
 
 
Although no clear trend could be seen in tensile strength data, addition of clay into PE increases 
the tensile strength (Figure 5-8). However the elongation at break decreases slightly with clay 
loading (Figure 5-9). An additive can reduce the cross-section of the polymer resisting 
deformation and weaken the polymer filler interface, which leads to premature break up of the 
material (Ji et al 2002). Tensile strength for 2 wt% clay nanocomposites exhibits the highest 
tensile strength among the nanocomposites. Tensile strength decreases gradually for 
nanocomposites with 3 and 5 wt% clay but for nanocomposites with 7 wt% clay, it increases. 
With 7 wt% clay loading, the tensile strength increases by about 15% as compared to that of pure 
PE whereas for 2 wt% clay loading it increases by about 30%. Thus, the increase in the tensile 
properties is higher for the lower clay contents. According to WAXS, nanocomposite with 2 wt% 
clay has exfoliated morphology while all other nanocomposites have intercalated structure. The 
mechanical properties obtained in this study also suggest when the clay layers are better 
exfoliated at lower clay contents; they provide a good reinforcing effect. But at higher clay 
contents, some of the clay remains partially intercalated and stacked thus weakening the 
reinforcing effect. Also, the compatibiliser (PE-g-MA) in PE nanocomposites plays a vital role in 
enhancing their mechanical properties by improving the interfacial adhesion, which leads to 
better stress transfer at the interface between the PE matrix and clay particles (Lee  et al 2005). 
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5.3 Conclusions 
 
Partially intercalated/exfoliated PE/clay nanocomposites were successfully synthesised using the 
melt-intercalation method with PE-g-MA as a compatibiliser and organo-modified 
montmorillonite (cloisite 15A) as filler. The XRD analysis of the nanocomposites depicts either 
partially intercalated/exfoliated or well-dispersed nano-clays in the nanocomposites. The strong 
interaction between organically modified clay and PE leads to an increase in the viscosity of the 
PE nanocomposites compared with that of pure PE. Loading the polymer with nano-clays 
improves the mechanical, thermal and gas barrier properties. But the presence of clay does not 
affect the processing of PE nanocomposites as it usually occurs at high shear rates. 
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6 Chapter 6 Oxo-biodegradation of Polyethylene 
Nanocomposites 
 
 
6.1 Introduction 
 
Oxo-biodegradation of PE has been discussed in detail in Chapter 4. Using the results obtained in 
this study, it was proven that pro-oxidant additives in OPE accelerate the photo-oxidation process 
and produce oxidation products at a higher rate compared with those for PE. However, the pro-
oxidant action is limited only to the photo-oxidation stage and most of the biodegradation occurs 
on the surface of the PE, which may be due to the inaccessibility of the bulk volume to microbes. 
To improve the biodegradation efficiency of PE, the pro-degradants additive should be involved 
in the biotic degradation part of the degradation process also and microbes should be able to 
access the bulk of the polymer through a better medium in the interior of the polymer. 
 
Clay-reinforced polymer nanocomposites (PNCS) have attracted great interest in the recent past 
due to low nano-filler concentration typically about 1–5 wt%. The nano-fillers are available in 
abundance and cheap. They also lead to significant benefits in terms of the performance 
properties of the resultant nanocomposites. The most utilised nano-filler in polymer 
nanocomposites is the plate-like montmorillonite (MMT), which is a natural mineral with 2:1 
double-layered silicate morphology. 
 
Montmorillonite clay has been reported to support the growth of microbes by providing a higher 
surface area with wet  conditions and keeping the pH of the environment at suitable levels for 
their sustained growth (Hakkarainen, Albertsson & Karlsson 1997; Haung, Bollag & Senesi 
2002). 
  
In recent studies on PE degradation, it has been found that polymer nanocomposites exhibit 
greater degradation rate compared with PE (Adams & Wilkie 2001; Qin et al 2003). Adams and 
Wilkie (2001) reported that the photo-oxidative degradation of polypropylene nanocomposites is 
greater than that of pure polypropylene. Similar results were reported by Qin and co-workers for 
PE nanocomposites (Qin et al 2003). They proposed a mechanism in which the main cause for 
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this enhancement is considered to be the acidic sites created on the clay surface by thermal 
decomposition of ammonium ions in the clay. 
 
Despite these studies, a comprehensive knowledge on the impact of clay on the photo-oxidation 
and biodegradation of PE is still lacking.   
 
6.2 Results and discussion 
 
In an attempt to improve the overall oxo-biodegradation of PE, montmorillonite nano-clay has 
been used along with pro-oxidant in this study. In this chapter, the effect of clay on photo-
oxidation and biodegradation will be discussed first, and then the results will be discussed for the 
combined effects of clay and pro-oxidant on the oxo-biodegradation of PE. An attempt has been 
made in this study to synthesise a pro-oxidant on the surface of unmodified clay and investigate 
the effect of modified clay on the oxo-biodegradation of PE.  
 
One of the main aims of this study is to understand the effect of clay on the photo-oxidation and 
biodegradation of PE nanocomposites using the same analytical techniques that were used in the 
study for the oxo-biodegradation of PE (Chapter 4). The compositions of nanocomposites used in 
this study are shown in Table 6-1. 
 
Table 6-1: Compositions of samples used in this study 
 
 
 
 
 
 
 
 
 
 
  
 
 
PE PE-gMA MMT Sample name 
(wt %) (fusabond) 
(wt %) 
(wt %) 
PE 100 5 - 
PE-2 wt % clay  
(2C) 
93 5 2 
PE-5 wt % clay  
(5C) 
90 5 5 
PE-7 wt % clay  
(7C) 
88 5 7 
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6.2.1 FTIR analysis 
 
FTIR results for PE and its nanocomposites are shown in Figure 6-1. The peaks observed at 1713 
cm-1 are due to the formation of carbonyl groups (C=O) during the oxidation of polymeric matrix. 
It is clear that the rate of photo-oxidation is significant on all nanocomposite samples whereas it 
is negligible in PE. It can be seen that the level of absorbance of carbonyl (1713 cm-1) and 
hydroxyl regions (3000–3600 cm-1) increase with an increase in clay concentration. The shape of 
the peaks for all nanocomposite samples is fairly broad suggesting that more than one functional 
group is formed within the C=O family as described in Chapter 4. The broad peaks observed 
around the wave number of 300–3600 cm-1 observed in Figure 6-1 indicate that clay 
concentration has an influence also on the formation of hydroxyl groups. These peaks could be 
assigned to free OH groups, OH groups in carboxylic acids and those in OMMT. 
 
The results shown in Figure 6-1 therefore clearly indicate that the presence of nano-clay has a 
remarkable effect on the heights of the peaks associated with the photo-oxidation products. This 
observation agrees with the results reported by Qin et al (2003) from their investigation on the 
photo-oxidation of PE nanocomposites. Figure 6-2 shows CI values for PE and its 
nanocomposites photo-oxidised for 14 days. The CI values for nanocomposites are higher than 
those for PE and increase with the increase in clay concentration. Also CI values for all samples 
including those for PE increase with oxidation time. At the end of 14 days, the CI of PE has 
increased by seven times compared with the initial value and that of the 7C sample has increased 
by 18 times. The formation of carbonyl and hydroxyl groups is accompanied by the breakdown 
of polymer molecules into low molecular weight fragments as suggested by Albertsson et al 
(1995). Thus these results suggest MMT in PE nanocomposites enhances the rate of photo-
oxidation of PE and generates lower molecular weight polymer fragments, which can be utilised 
by the microbes. Qin et al (2003) suggested that the mechanism of the photo-oxidation of 
polymeric matrix does not change due to the presence of clay. Since the shape of the peaks for 
both PE and PE nanocomposites is similar, the results obtained in this study agree with Qin et al 
(2003). In contrast, Kandiloti et al (2006) concluded that clay affects the photo-oxidation 
mechanism either by producing or hindering some oxidation products. 
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Figure 6-1: FTIR spectrum (1500–4500 cm-1) of PE and its nanocomposites after 10 days irradiation 
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Figure 6-2: Carbonyl Index (CI) of PE and its nanocomposites irradiated for 14 days period 
 
 
The fact that the nanocomposite with 7 wt% clay (which has an intercalated structure) leads to 
higher CI values compared with nanocomposite with 2 wt% clay (which has an exfoliated 
structure) indicates that photo-oxidation does not depend much on the morphology of the 
nanocomposites. 
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6.2.2 Molecular weight changes  
 
According to the FTIR results shown above clay has accelerated the photo-oxidation of PE with 
the formation of low molecular weight polymer fragments. Figure 6-3 shows the molecular 
weight distribution data for the samples photo-oxidised for 10 days at 0.68 W/nm/m2. It can be 
seen clearly that the molecular weight distribution curves for nanocomposites have shifted 
towards low molecular weight scale with an increase in clay concentration. The curves are also 
narrower for higher clay concentration samples, which indicate the occurrence of higher rate of 
chain scissions rather than crosslinkings. Figure 6-4 shows the changes in the mass average 
molecular weight of the nanocomposites with irradiation time. The molecular weights for PE 
nanocomposites decrease significantly compared with the molecular weight of pure polymer. The 
molecular weight of PE decreases by 35% after 14 days of irradiation whereas that of 7C 
nanocomposite decreases by 94%. All the above results suggest that nano-clay plays an important 
role during the photo-oxidation in the reduction of molecular weight of the polymer and the 
introduction of the polar groups thereby making the polymer vulnerable to microbial attack. 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 1 2 3 4 5 6 7
Log M
dw
t/d
 
(Lo
gM
)
PE
2C
5C
7C
 
Figure 6-3: Molecular weight distribution of PE an its nanocomposites after 10 days of photo-oxidation 
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Figure 6-4: Molecular weight changes of PE and its nanocomposites during 14 days of photo-oxidation 
 
 
 
6.2.3 Changes in thermal properties and oxygen permeability  
 
DSC data for pure PE and its nanocomposites before and after UV irradiation are summarised in 
Table 6-2 and 6-3, respectively. The degrees of crystallinity data determined by DSC for PE and 
its nanocomposites photo-oxidised for 14 days are shown in Figure 6-5. It can be seen that the 
crystallinity (Xc) of PE nanocomposites increases marginally by the incorporation of MMT. It is 
generally accepted that nano-fillers will act as nucleating agents in polymer crystallisation. 
However, experimental observations in previous studies showed varied results for clay/PP 
nanocomposites. There are contradictory observations on crystallisation studies in which 
crystallinity was found either to increase or decrease due to the addition of nano particles (Li et al. 
2008; Zhao & Li 2006). According to the results obtained in this study, it can be concluded that 
MMT nanoparticles act as nucleating agents up to 5 wt % and increase the crystallinity. Beyond 
that concentration, they disturb the crystallinity of polymer. 
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Table 6-2: Summary of the thermal results for PE and its nanocomposites before photo-oxidation 
 
 
 
 
Table 6-3: Summary of the thermal results for PE and its nanocomposites after 10 days of photo-oxidation 
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Figure 6-5: Changes in crystallinity of PE and its nanocomposites with different clay concentrations 
irradiated for 14 days 
 
 
Sample 
Melting 
enthalpy 
Melting 
tempertaure 
Crystallisation 
enthalpy 
Crystallisation 
temperature 
 
Crystallinity 
  ∆Ηf (J/g) Tm ( ◦C) ∆Ηc (J/g) Tc ( ◦C) Xc (%) 
        
PE 115.8 110.71 79.99 97.95 39.59 
2C 117.6 110.86 80.30 98.70 40.14 
3C 118.7 110.87 81.26 98.63 40.51 
5C 119.6 110.81 82.56 98.59 40.82 
7C 111.6 110.73 76.20 98.60 38.09 
Sample 
Melting 
enthalpy 
Melting 
tempertaure 
Crystallisation 
enthalpy 
Crystallisation 
temperature 
 
Crystallinity 
  ∆Ηf (J/g) Tm ( ◦C) ∆Ηc (J/g) Tc ( ◦C) Xc (%) 
PE 117.25 111.13 82.18 98.19 40.57 
2C 124.60 113.06 83.43 102.15 42.53 
3C 137.40 112.15 92.69 102.93 46.89 
5C 127.00 112.80 85.90 102.99 43.34 
7C 115.10 111.13 77.49 99.37 41.93 
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Figure 6-6: Changes in melting enthalpies of PE and its nanocomposites with different clay concentrations 
irradiated for 14 days 
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Figure 6-7: Permeability and crystallinity data of PE nanocomposites with 2 wt % clay (2C) during 14 days of 
irradiation 
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By comparing the data in Table 6-2 and Table 6-3, it can be seen that UV irradiation treatment 
has an obvious influence on both crystallisation and melting behaviour of the PE matrix. The 
result indicates that crystallinity (Xc) increases significantly upon UV irradiation for the PE 
nanocomposites while it does not for PE. Initially, crystallinity for both pure polymer and 
nanocomposites increases with exposure time up to 10 days and thereafter it decreases. When a 
semi-crystalline polymer is exposed to UV irradiation, its crystallinity will increase. At the start 
of photo-oxidation, chain scission reactions take place in the amorphous phase of the semi-
crystalline PE, which is the region with higher oxygen concentration, leading to the generation of 
carbonyl and other polar groups with shorter polymer chains that favour re-crystallisation. This 
phenomenon is also due to the re-crystallisation of small segments generated by chain scission of 
tie molecules. Chain scission caused by photodegradation can also release entanglement of 
polymer molecules and produce more freed segments. As a result, more segments can move into 
the original crystals or form a new crystalline structure in the original amorphous zone. This 
process during UV irradiation is known as chemi-crystallisation (Rabello & White 1997). 
 
In nanocomposites, MMT induces the degradation or polymer scission. As a result of that, the 
strain in the polymer structure is released leading to the possibility for additional crystallisation 
causing higher fusion enthalpy or crystallinity (Zhao & Li 2006). For PE, crystallinity increases 
by 2% whereas it increases by 10% in nanocomposites with 7 wt% clay. According to the FTIR 
result discussed earlier, the number of carbonyl and hydroxyl groups increases with an increase in 
MMT percentage and irradiation time. The new intermolecular bonds in between the polar 
fragments also increase the crystallinity. 
 
Longer irradiation time and higher clay concentrations (7 wt%) can create a large number of 
extraneous groups in the molecules of highly degraded polymer and reduce the crystallisation 
ability. In crystallisation, spherulite growth rate can increase due to the reduction in molecular 
weight and increase in polarity of the polymer molecule whereas it can decrease due to chemical 
irregularities that decrease the growth rate (Rabello & White 1997). Since cross-linking does not 
contribute to chemi-crystallisation, the decrease in crystallinity may be mainly due to the surface 
erosion of some crystal phase by oxidation. 
 
The crystallinity results of PE nanocomposites upon UV irradiation are also confirmed by the 
oxygen permeation properties shown in Figure 6-7. When the crystallinity increases, it has been 
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shown to create a more tortuous path for the gas molecules and thus more effective barrier. 
Moreover, the formation of more polar groups on the polymer chains could be making the 
polymer more hydrophilic, which then could be reducing the diffusion of non-polar oxygen gas 
through the polymer matrix. 
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Figure 6-8: TGA traces of PE and its nanocomposites, after 10 days of irradiation 
 
 
Figure 6-8 shows the TGA traces for PE and its nanocomposites that have been exposed to UV 
irradiation for 10 days. It can be seen that the PE nanocomposites start decomposing at lower 
temperatures compared with the irradiated PE sample. Since the increase in clay concentration in 
PE nanocomposites enhances the photo-oxidation and the formation of low molecular fragments, 
the decomposition temperature decreases due to the decreasing thermal stability. 
 
According to above results, it is clear that montmorillonite has enhanced the photo-oxidation 
process in PE nanocomposites. According to previous studies on photo-oxidation of polyolefin 
nanocomposites, this enhancement could be due to several reasons. Naturally present iron (Fe3+) 
ions in MMT affect the rate of degradation of polymeric matrix by reducing to ferrous ions (Fe2+) 
by redox catalysis of the hydroperoxide decomposition reaction since clay mineral can act as an 
electron acceptor and/or electron donor (Solomon 1967). The electron acceptor sites are 
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aluminium atoms at crystal edges and the transition metals in the higher valency states in the 
silicate layers, the electron donor sites are transition metals in the lower valency state. The POO● 
and PO● radicals in polymer enhance the alkyl radical and peroxide formations in the polymer 
matrix, which enhance the photo-oxidation process according to the reaction scheme shown in 
Figure 6-9. The X-ray fluorescence studies of organically modified clay (cloisite 15A) prove that 
montmorillonite contains Fe in its octahedral sheet (Figure 6-10).  
 
POOH +Fe3+  POO● + H+   + Fe2+ 
 
POOH +Fe2+  PO●    + OH-  + Fe3+  
 
 
POO● + PH  POOH + P●  POOH 
 
PO●    + PH      POH   + P●                    POOH 
 
(PH-hydrocarbon polymer, POOH-polymer hydroperoxide) 
 
 
Figure 6-9: Reaction scheme of polymer hydroperoxide catalysed by Fe in MMT  
(Scott & Wiles 2001) 
 
 
It has been suggested by Solomon and Rosser (1965) that catalytic activity is related to aluminum 
in octahedral coordination at crystal edges and this mineral is acting as a Lewis acid (Van Santen 
& Kramer 1995). These Lewis acid sites can accept the electrons from the polymer matrix (ex. 
vinyl groups) and enhance the radical formation. Aluminium atoms at edges in MMT can act as 
Lewis acid sites and the coordinated water molecules which can be removed by prior drying 
operation, act as a Lewis base, and they make the site available for the polymer molecule.  
  
 
O2/PH 
O2/PH 
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Figure 6-10: X-ray fluorescence analysis of Cloisite 15A 
 
 
Also it has been suggested that iron cations are responsible for the generation of reactive oxygen 
radicals (OH●), which can enhance the polymer radical formation according to the well-known 
Haber-weiss cycle and photo-fenton reaction (Gournis, Karakassides & Petridis 2002). 
 
Fe 2+ + O2               Fe3+ + O2● - (super oxide radical) 
 
O2● - + 2H+    H2O2 
 
H2O2 + Fe 2+ Fe3+ + OH● + OH- (Fenton reaction) 
 
Another theory postulated on the role of clay on polymer oxidation is that it interferes with the 
path of oxygen in the polymer matrix enabling it to remain longer in the material thereby 
enhancing the rate of oxidation (Botta, Dintcheva & La Mantia 2009; Pandey et al 2005). The 
influence of clay on photo-oxidation also could be explained by considering the decomposition of 
alkyl ammonium ions in the organically modified clay (MMT) according to the Hoffman 
mechanism as shown below (Qin et al 2005).      
    
LS-+ [NR3 – CH2-(CH2)n-CH3]                     LS-H+ + CH2= CH-(CH2)n-1- CH3 + NR3 
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As a result of this reaction, tertiary amine, olefin and acidic sites are formed on the clay layers. 
The small peaks observed for PE nanocomposites at 1641cm-1 in the FTIR spectra shown in 
Figure 6-11 are the characteristic peaks for olefin and they confirm that olefin is formed in 
nanocomposites consistent with the Hoffmann reaction. Olefin concentration also increases with 
increasing clay concentration. The olefin and acidic sites formed on clay layers tend to enhance 
the formation of free radicals, which accelerate photodegradation. 
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Figure 6-11: FTIR (1600–1700cm-1) of PE and its nanocomposites after 10 days irradiation 
 
 
6.2.4 Biodegradation of polyethylene nanocomposites 
 
Following photo-oxidation of PE and its nanocomposites, biodegradation was achieved by 
inoculating the micro-organism Pseudomonss aeruginosa on photo-degraded films. The biofilm 
formed during the biodegradation was observed by environmental scanning electron microscopy 
(ESEM). The changes in the molecular weight and the concentration of oxidation products 
formed during the photo-oxidation and biodegradation were monitored by gel permeation 
chromatography and Fourier transform infrared spectroscopy, respectively to study the effect of 
MMT on the biodegradation stage of oxo-biodegradation of PE nanocomposites. 
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6.2.4.1 Bio-film formation 
 
Although PE is initially bio-inert, the low molecular weight oxidised polymer fragments 
produced by the photo-oxidation process can be assimilated by naturally occurring 
microorganisms. The biodegradation of PE is initiated with the attachment of microbes to the PE 
substrate where they grow continuously. ESEM micrographs of irradiated and non-irradiated PE 
and nanocomposite films after two months of biodegradation are shown in Figure 6-12 to Figure 
6-15. These micrographs clearly indicate that Pseudomonas aeruginosa has effectively colonised 
on the abiotically oxidised (aged) PE film samples compared with unaged film samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-12: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa on 
(a) unaged PE (b) aged PE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-13: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa on 
(a) unaged 2C (b) aged 2C 
 
 
 
 
 149 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-14: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa on 
(a) unaged 5C (b) aged 5C 
 
 
 
 
 
 
 
 
Figure 6-15: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa on 
(a) unaged 7C (b) aged 7C 
 
 
 
In addition, the extent of growth of the micro-organism on the aged PE sample is found to be 
significantly lower than that found on nanocomposites. It is also seen that the growth of micro-
organisms is increasing with increasing clay concentration.  
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Figure 6-16: Quantification of bacterial growth on PE and its nanocomposites during biodegradation 
 
 
The measurement of the extent of bio-film formation on polymer films is a qualitative analysis of 
bacterial growing ability. Three different tests were used to quantify the bio-film growth on films 
namely, colony formation unit, total nitrogen content and turbidity. Due to the increase in the 
bacterial growth with increasing clay concentration, the results show that nanocomposites are 
better substrate for microbial growth and they provide appropriate growth conditions such as 
suitable humidity, pH and nutrition (Figure 6-16). MMT itself has an ability to absorb water. 
Also, previous results have shown that MMT can induce the rate of photo-oxidation and generate 
more hydrophilic functional groups such as carboxylic acids and alcohols, which can absorb 
moisture. Due to these reasons, nanocomposites can absorb water better during the 
biodegradation and provide suitable humidity for bacterial growth compared with pure PE. Also, 
clay has an ability to adsorb the products of bacterial metabolism and maintain a constant 
hydrogen ion concentration, thereby maintaining a suitable pH for bacterial growth. PE 
nanocomposites can also provide more nutrients since they are generating greater amounts of low 
molecular polymer fragments during the photo-oxidation compared with pure PE. 
 
Also, it has been found that MMT has an ability to bind with the growth retarding factors in the 
soil (Haung, Bollag & Senesi 2002). Most clay has net negative charges and most soil microbes 
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probably have net negative charges. However, the microbes can still be successfully attracted to 
clay particles by different mechanisms.They are: 
 
1. Microbes may have a cation that acts as a bridge between them and the clay. 
 
2. Extracellular enzymes secreted by microbes help to overcome the repulsion.  
 
3. Fe oxides and Al oxides in soil can develop a positive charge in acidic soil sites. When 
this happens, iron and aluminum oxides may diminish the negative charge on silicate 
clays. 
4. Van der Waals forces  
 
5. Hydrogen bonding between microbial surface and clay surface 
 
It is likely that more than one of the above five factors are often responsible for attraction of 
microbes to clay surface (Haung, Bollag & Senesi 2002). 
 
6.2.4.2 FTIR analysis  
 
The larger extent of growth of Pseudomonas aeruginosa on nanocomposite film samples is 
confirmed by the CI data for PE and its nanocomposites before and after the biodegradation 
process (Figure 6-17).  It can be seen that the CI value for all samples decreases after the 
biodegradation but the rate of decrease in PE is relatively small (5%) compared with those of 
nanocomposites indicating higher levels of degradation in nanocomposites. The rate of decrease 
is nearly 20% in 7C nanocomposite. The decrease in CI can be attributed to the preferential 
microbial assimilation of ester/carbonyl compounds formed during abiotic oxidation. These 
results also confirm that the nano-clay enhances the biodegradation of PE. The rates of carbonyl 
formation and consumption were calculated as shown in equations 6-1 and 6-2, respectively. 
When comparing the extent of changes in CI values during photo-oxidation and biodegradation 
processes, it can be clearly seen that MMT significantly affects both processes and increases the 
degradation rate with increasing clay concentration (Figure 6-18 and Fugure 6-19). 
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Figure 6-17: Changes in CI of PE and its nanocomposites during oxo-biodegradation process 
 
 
 
 
Rate of carbonyl formation        =   CI after 7 days irradiation – CI Unaged  
                     7                                                                      (6-1)                    
 
Rate of carbonyl consumption    =   CI after 7 days irradiation – CI after 8 weeks biodegradation            
                                                                            60                                                               (6.2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-18: Comparison of rate of CI change for PE and its nanocomposites during photo-oxidation 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
PE  2C  5C 7C
Ra
te
 
o
f c
a
rb
o
n
yl 
fo
rm
a
tio
n
 153 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-19: Comparison of rate of CI change for PE and its nanocomposites during biodegradation 
 
6.2.4.3 Molecular weight changes and its distribution 
 
The changes in average molecular weights (Mn and Mw) and polydisperisty index (PI) in PE and 
its nanocomposites during photo-oxidation and biodegradation are shown in Table 6-4. During 
photo-oxidation, both Mw and Mn values of aged samples decrease compared with those for 
unaged samples as a result of chain scission reactions. The decrease in weight average molecular 
weight (Mw) for PE is 16% after seven days irradiation whereas it is 80% for 7C nanocomposite. 
Also the decrease in number average molecular weight (Mn) is 11% in 7 days irradiated PE 
whereas it is 86% in 7C because the number of polymer fragments is higher in nanocomposites 
due to the higher rate of oxidation. After the biodegradation of oxidised samples, their Mw and 
Mn values increase as compared with those for the unoxidised samples because of the 
consumption of low molecular weight polymer fragments by the bacteria. This phenomenon can 
be seen clearly from the plot of molecular weight distribution shown in Figure 6-20. After the 
biodegradation, PI values for nanocomposites increase due to the decrease in uniformity of the 
polymer molecule. 
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Table 6-4: Changes in average molecular weights and PI for PE and its nanocomposites 
 
Sample Unaged 
After photo-oxidation  
(7 days) 
After biodegradation  
( 8 weeks) 
  Mw Mn Mw/Mn Mw Mn Mw/Mn Mw Mn Mw/Mn 
PE 189579 33299 5.69 158802 29350 5.41 178203 14766 12.07 
2C 184007 32560 5.65 34243 4260 8.04 57285 8297 6.90 
5C 181198 24512 7.39 22875 4110 5.57 68716 4310 15.94 
7C 115197 21659 5.57 21571 3962 5.44 71754 5335 13.45 
 
 
Figure 6-20 and Figure 6-21 show the changes in molecular weight distributions (MWD) for PE 
and 5C nanocomposite films, respectively during the photo-oxidation and biodegradation 
processes. After two weeks of photo-oxidation, the molecular weight distribution curves for both 
samples shift left towards the low molecular weight scale indicating the formation of low 
molecular weight compounds. However, the nanocomposite curve shifts more towards the left 
indicating the production of low molecular polymer fragments is greater in this case. After 
inoculation with Pseudomonas aeruginosa, the molecular weight distribution curves for the 
abiotically oxidised films shift toward the right indicating that the low molecular weight 
fragments present in the oxidation products are being eliminated or utilised. The nanocomposite 
curve shifts more towards the right compared with that for PE confirming more polymer 
molecules are utilised by Pseudomonas aeruginosa in the nanocomposite. Similar results were 
obtained for other nanocomposites used in this study. 
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Figure 6-20: Molecular weight distribution at various stages of oxo-biodegradation of PE 
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Figure 6-21: Molecular weight distribution at various stages of oxo-biodegradation of 5C 
 
 
One of the main reasons for the higher rate of biodegradation of PE nanocomposites is the 
relatively high hydrophilicity of the clay which ensures an easier permeability of water into the 
polymer matrix, thus helping to convert the hydrophobic polyolefin into a better substrate for 
micro-organisms. Therefore, it can be said that the presence of clay can increase the 
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hydrophilicity of a polymer matrix and therefore increase the amount of water at equilibrium in 
the material. Water permeability in the polymer is the product of both the solubility and diffusion 
coefficients, and as a consequence permeability can be increased or decreased by varying these 
two parameters (Fukushima et al 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-22: FTIR spectrum (1500–1800 cm-1) of 7 days irradiated PE and its nanocomposites 
 
 
Water absorption ability of MMT in PE nanocomposites can be confirmed by the FTIR spectrum 
of 7 days oxidised PE and its nanocomposites, which were subjected to a continuous weathering 
cycle for seven days. Increasing clay concentration increases the intensity of the 1650 cm-1 peak, 
which corresponds to the bending vibration mode of water. The area under the peak represents 
the concentration of water in each sample (Velazquez, Herrera-Gómez & Martín-Polo 2003). So 
it can be seen from Figure 6-22, increasing the clay concentration causes an increase in the 
amount of water absorbed. 
 
6.2.5 Photo-oxidation of oxo-biodegradable polyethylene nanocomposites 
 
From the results discussed above, it is clear that the effect of MMT on oxo-biodegradation is 
significant and it will increase the rates of both photo-oxidation and biodegradation processes for 
PE nanocomposites. Also, it is well known that the addition of pro-oxidant enhances the abiotic 
oxidation of polymer. Thus this section focuses on the effect of pro-oxidant on the oxo-
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biodegradation of PE nanocomposites. A commercial pro-oxidant has been mixed with the PE 
and PE nanocomposites at a concentration of 2 wt%. PE containing 5% fusabond (PE-gMA ) is 
used as the reference sample. 
 
6.2.5.1 Morphological characterisation of oxo-biodegradable PE nanocomposites 
 
Composition of the samples used in the oxo-biodegrdation study and the abbreviation used to 
identify them are shown in Table 6-5. 
 
Table 6-5: Compositions of the samples used in this study 
 
PE PE-gMA MMT Pro-oxidant Sample name 
(wt %) (wt %) (wt %)  
PE 100 5 - - 
PE+P  (OPE) 93 5 - 2 
2C      (PE NaC) 93 5 2 - 
2C+P (OPE NaC) 91 5 2 2 
5C+P 88 5 5 2 
7C+P      86 5 7 2 
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Figure 6-23: XRD patterns of cloisite 15A, 2C and (2C+P) 
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Figure 6-23 depicts XRD scattering curves for cloisite 15A (MMT), PE nanocomposite with 2 
wt% clay (2C) and PE nanocomposites with 2 wt % clay and 2 wt % pro-oxidant (2C+P). The d-
spacing of Cloisite 15A was calculated as 3.02 nm using Bragg’s law equation. 2C curve does not 
show any peak due to its exfoliated morphology. 2C+P sample shows a scattering pattern similar 
to that of 2C sample indictaing that the addition of pro-oxidnat does not affect the morphology of 
nanocomposites. 
 
6.2.5.2 Photo-oxidation of oxo-biodegradable PE nanocomposites 
 
The following section discusses the effect of pro-oxidant on the photo-oxidation of PE 
nanocomposites. 
 
6.2.5.2.1 FTIR analysis 
 
FTIR spectra (1500–4000 cm-1) of PE, OPE, 2C and (2C+P) film samples, which were subjected 
to seven days photo-oxidation, are shown in Figure 6-24. The peak observed at 1713 cm-1 due to 
the formation of carbonyl group is an indication of the rate of the chain scission reactions in the 
polymer matrix. Absorbance of carbonyl peak for the above samples after seven days of 
irradiation is shown in Table 6-6. Data in the spectra and table indicate that the intensity of the 
carbonyl group increases for both PE and 2C samples with the addition of pro-oxidant. But the 
(2C+P) sample shows a higher degree of intensity compared with (PE+P). Due to the addition of 
pro-oxidant into PE matrix, the carbonyl intensity increases by 15 times for (PE+P) and 20 times 
for (2C+P). According to these results, it can be suggested that the addition of pro-oxidant into 
PE nanocomposites increases the rate of photo-oxidation to a level greater than that for pure PE. 
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Figure 6-24: FTIR spectra (1500–4000 cm-1) of PE, (PE+P), 2C and (2C+P) after 7 days of irradiation 
 
 
 
 
 
Table 6-6: Absorbance data of 7 days irradiated film samples 
 
Sample name Absorbance 
PE 0.168 
PE+P (OPE) 2.472 
2C 0.735 
2C+P 3.619 
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Figure 6-25: Carbonyl index (CI) of 10 days irradiated film samples 
 
 
The changes in carbonyl index with the composition of the polymer samples are shown in Figure 
6-25. It can be seen that the CI values for all PE nanocomposites are higher than that for PE. Also, 
the CI value increases with an increase clay concentration, as discussed in section 6.2.1. The CI 
value for (PE+P) sample is also higher due to the addition of pro-oxidant into the polymer matrix, 
but this value is still lower than the CI values of PE nanocomposites with pro-oxidant. It is also 
clear that CI value for PE nanocomposites with pro-oxidant increases with the increase in clay 
concentration up to 5 wt%. However when comparing the CI values of oxidised (PE+P) and 2C 
samples, the CI values for (2C+P) nanocompoiste is lower than the expected value. There is no 
significant difference between the CI values of PE+P and 2C+P samples. This result could be 
attributed to the reduction in oxygen permeability in PE nanocomposites due to the presence of 
clay as discussed in Chapter 5. Due to low oxygen permeability, it is possible that the pro-oxidant 
cannot achieve its maximum performance in nanocomposites. In spite of it, the pro-oxidant 
shows a considerable effect on nanocomposites leading to a higher rate of photo-oxidation 
compared with that in OPE (PE+P). The mechanism that is behind the enhanced oxidation rate 
due to the addition of pro-oxidant is considered to be the production of free radicals that can react 
with molecular oxygen to form peroxide and hydroperoxide, which will cause acceleration in the 
oxidation process by increasing the rate of radical formation in the polymer matrix. 
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6.2.5.3 Molecular weight changes and distribution 
 
Carbonyl index change is usually accompanied by the molecular weight changes during the 
photo- and thermo-oxidation processes, because when the polymer molecules undergo chain 
scission they will produce low molecular mass polymer fragments with functional groups such as 
carbonyl. So there will be a substantial drop in molecular mass with the increase in CI. Thus the 
molecular weight changes during photo-oxidation can be used to confirm the results obtained by 
FTIR analysis. 
 
 
Table 6-7: Molecular weight changes of PE films samples before and after the photo-oxidation 
 
  Molecular Weight (Mw) (Daltons)   
Sample name Unaged After photo-oxidation 
% reduction  in 
molecular weight  
    ( 10 days)   
PE+F 189581 186512 1.62 
PE+F+P 189571 10215 94.61 
       
2C 181198 20106 88.90 
2C+P 182588 6245 96.58 
       
5C 184007 16865 90.83 
5C+P 181264 5961 96.71 
       
7C 180197 9258 94.86 
7C+P 177056 7054 96.02 
 
F-fusabond (Compatibilser) 
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Figure 6-26: Molecular weight distribution of PE samples with various composition irradiatied for  
7 days 
 
 
The molecular weight changes during photo-oxidation for polymer film samples with various 
compositions are shown in Table 6-7 and Figure 6-26. It can be seen that the molecular weight 
distribution curves for (PE+P) and (2C+P) move towards the low molecular weight scale to a 
greater extent compared with those for PE and 2C samples. Even though there is no significant 
difference between the molecular weight distribution curves for (PE+P) and (2C+P) samples, 
(2C+P) produces a greater amount of low molecular weight polymer fragments that can be 
utilised by the microbes. 
 
The (PE+P) sample has shown 94.6% reduction in molecular weight during photo-oxidation as 
compared to 96.5% reduction for (2C+P) sample (Table 6-7). Among the PE nanocomposites, 
7C+P is found to have the lowest reduction in molecular weight. This could be due to low oxygen 
permeability through the higher concentration of clay layers in this nanocomposite. It can be seen, 
after the photo-oxidation, the average molecular weight of (7C+P) sample is higher than those of 
other PE nanocomposites. This observation leads to a conclusion that, at higher clay 
concentrations, the radical generation rate is higher and thus leads to the recombination of 
polymer radicals instead of combination with oxygen. 
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6.2.5.4 Thermal analysis 
 
Figure 6-27 and 6-28 exhibit the TGA traces for PE and 2C samples without and with pro-
oxidant, respectively after seven days of photo-oxidation. It can be seen that the (2C+P) sample 
starts to decompose at a lower temperature compared with (PE+P), and it also decomposes at a 
higher rate. This thermal instability of the (2C+P) sample is obviously due to the presence of a 
higher concentration of degradation products produced during photooxidation compared with that 
in PE+P.  
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Figure 6-27: TGA traces of PE and OPE after 7 days irradiation 
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Figure 6-28: TGA traces of 2C and 2C+P after 7 days irradiation 
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6.2.6 Biodegradation of oxo-biodegradable polyethylene nanocomposites 
 
This section focuses on the effect of pro-oxidant on the biodegradation of PE nanocomposites. 
Similar analytical techniques were used to analyse the biodegradation process of PE 
nanocomposites in Chapter 5. 
6.2.6.1 Bio-film formation 
 
The formation of biofilm on polymer substrate is the initial stage in the biodegradation process 
(Characklis & Marshall 1990). Bio-film formation on oxidised oxo-biodegradable PE 
nancomposite films was investigated using ESEM micrographs and compared with that for oxo-
biodegradable PE (PE+P). 
 
 
 
 
 
 
 
 
 
  
 
                                 
           (a)                                                                      (b) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
                          ( c ) (d ) 
 
Figure 6-29: ESEM micrographs of the biofilm formed by Pseudomonas aeruginosa on aged (a) PE+P  
(b) 2C +P (c) 5C+P (d) 7C+P 
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Figure 6-30: Appearance of PE films after 7 days photo-oxidation and 8 weeks biodegradation 
 
 
The micrographs shown in Figure 6-29 clearly indicate that Pseudomonas aeruginosa has 
effectively colonised all the oxidised film samples. Also it can be seen that they prefer to colonise 
more on nanocomposites film surfaces compared with PE+P film. It is shown in section 6.2.4.1 
that increasing clay concentration in nanocomposites enhances biofilm formation. PE 
nanocomposites with pro-oxidant (oxo-biodegrdable nanocomposites) also exhibit similar trends 
in biofilm formation. As a result of a higher oxidation rate in PE nanocomposites with pro-
oxidant, a large number of low molecular polymer fragments are produced, and they lead to the 
production of a substrate with an abundance of nutrients and hydrophilic groups on the surface of 
the polymer thus creating a better environment for microbial growth. However, it can be seen that 
the lower oxidation rate of (7C+P) sample leads to a lower extent of microbial colonisation. 
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Figure 6-31: ESEM images of bio-film on oxidised 5C+P samples during biodegradation after  
(a) 2 weeks (b) 4 weeks (c) 8 weeks of biodegradation 
 
 
The early stages of biodegradation are usually characterised by the fast growth of microbes 
probably supported by the consumption of low molecular weight compounds. The compounds are 
probably the low molecular weight degradation products of PE chains, most often terminated 
with carboxylic groups. The fast initial phase is followed by the stabilisation of metabolic activity, 
which is virtually maintained at the same level during the following many months. From Figure 
6-31, it can be seen that biofilm after four weeks has a higher microbial colonisation compared 
with the biofilm after eight weeks. However, it is not possible to make even a rough estimation of 
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the extent of biodegradation and the time necessary for the ultimate biodegradation of the sample 
under applied laboratory conditions as mentioned by Koutny, Lemaire and Delort (2006). 
 
6.2.6.2 FTIR analysis of oxo-biodegradation of PE nanocomposites 
 
FTIR spectra of oxo-biodegraded (PE+P) and (2C+P) samples are shown in Figures 6-32 and 6-
33, respectively. It can be seen that the amount of carbonyl residues in (PE+P) and (2C+P) 
samples decreases due to the utilisation by Pseudomoans aeruginosa of low molecular weight 
compounds. According to the results discussed in Chapter 4, there is a considerable reduction in 
carbonyl absorbance in (PE+P) during biodegradation as compared with that for oxidised PE. 
Similarly, compared with (PE+P), oxo-biodegradable PE nanocomposites (2C+P) exhibit a 
greater reduction in absorbance. The carbonyl absorbance of PE+P sample decreases by 47% 
during the biodegradation whereas that of (2C+P) sample decreases by 68%. These results 
confirm the observation made using ESEM micrographs shown in section 6.2.6.1, which 
indicates that the bacterial colonisation is more significant in oxo-biodegradable PE 
nanocomposites than that in (PE+P). 
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Figure 6-32: FTIR spectrum (1500–2000 cm-1) of PE+P during oxo-biodegradation 
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Figure 6-33: FTIR spectrum (1500-2000 cm-1) of 2C+P during oxo-biodegradation 
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Figure 6-34: Rate of carbonyl formation of PE, OPE and oxo-biodegdable PE nanocomposite samples during 
photo-oxidation 
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Figure 6-35: Rate of carbonyl consumption of PE, OPE and oxo-biodegdable PE nancomposite samples 
during biodegradation 
 
 
 
The rates of carbonyl group formation during photo-oxidation and carbonyl group consumption 
during biodegradation are calculated according to the equations 6-1 and 6-2 and shown in Figures 
6-34 and 6-35, respectively. Both rates are increasing due to the addition of pro-oxidant as well 
as MMT in the PE matrix. As discussed in section 6.2.5.3, both pro-oxidant and MMT accelerate 
the alkyl radical formation in the polymer matrix, which helps to enhance the rate of photo-
oxidation. MMT enhances the rate of biodegradation by providing better substrate for the 
microbial growth. The rates of photo-oxidation and biodegradation increase with clay 
concentration up to 5 wt % and decrease at 7 wt% clay concentration due to a lower rate of 
photo-oxidation as discussed in section 6.2.5.2. 
 
However, when comparing the rates of photo-oxidation of (PE+P) and (2C+P), the rate of 2C+P 
is only 0.1 times higher than that of (PE+P). It is not a significant increase and this may be due to 
low oxygen permeability in the nanocomposite or the higher concentration of radicals, which 
may recombine with each other instead of combining with oxygen. 
 
But when comparing the biodegradation rates of (PE+P) and (2C+P), the rate of (2C+P) is 2.6 
times higher than that of PE+P. These results suggest that the addition of pro-oxidant into PE 
nanocomposites for samples with less than 5 wt% MMT enhances the rate of biodegradation. 
 170 
However, the biodegradation pathway may be the similar to that as explained in section 4.2.1.2. 
This is confirmed by the decrease in CI values, which can be attributed to the preferential 
assimilation by microbes of carbonyl compounds formed during the photo-oxidation. 
 
6.2.6.3 Changes in molecular weight and its distribution 
 
The observations made from FTIR results can be confirmed by the changes in molecular weight 
data obtained for samples subjected to oxo-biodegradation. Figures 6-36 and 6-34 show the 
distribution of molecular weight at various stages of oxo-biodegradation for (PE+P) and (5C+P) 
samples respectively. It can be seen that, after the photo-oxidation, the molecular weight 
distribution curves for both samples shift towards the low molecular weight fragments due to the 
generation of low molecular weight polymer segments. However, there is no significant 
difference between the curves for molecular weight distributions of (PE+P) and (5C+P) samples 
subjected to photo-oxidation. But when comparing the molecular weight distribution after eight 
weeks of biodegradation, it can be clearly seen that the curve for (5C+P) shifts more towards the 
high molecular weight fragments compared with that of (PE+P). This observation again suggests 
that the presence of MMT facilitates the biodegradation because microbes utilise the larger 
portion of low molecular weight fragments in (5C+P).  
 
For both samples, the molecular weight distribution curves obtained after biodegradation shift 
towards higher molecular weight fragments as compred to the curve obtained after photo-
oxidtaion. These results indicate, in both samples, that additional high molecular weight 
compounds are generated during the biodegradation.  Since the biodegradation in this study was 
carried out in a liquid culture medium, which was in a container closed with aluminum foils, the 
oxygen concentration in the flask could be relatively low. This might have led the polymer 
radicals to recombine and form higher molecular weight polymer fragments during the 
biodegradation. According to a recent investigation on biodegradation of commercial agricultural 
film with pro-oxidant, high molecular weight polymer fragments are found to form in soil after a 
period of biodegradation (Espi et al 2007). 
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Figure 6-36: Molecular weight distribution of (PE+P) during various stages oxo-biodegradation 
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Figure 6-37: Molecular weight distribution of 5C+P during various stages of oxo-biodegradation 
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Table 6-8: Changes in average molecular weights and PI of oxo-biodegradable PE and PE nanocomposites 
 
Sample Unaged 
After photo-oxidation 
(7 days) 
After biodegradation 
(8 weeks) 
  Mw Mn Mw/Mn Mw Mn Mw/Mn Mw Mn Mw/Mn 
PE+P 189571 21248 8.92 47912 3326 14.40 59364 3561 10.62 
2C+P 182588 20114 9.08 27285 2720 10.03 37808 3804 15.61 
5C+P 181264 20010 9.06 18716 2629 7.12 42066 3476 13.84 
7C+P 177056 20560 8.61 20413 2859 7.14 48096 2641 15.93 
 
 
Average molecular weights (Mn and Mw) and polydispersity index (Mw/Mn) of oxo-biodegraded 
samples are given in Table 6-8. During photo-oxidation, the changes in Mw and Mn values exhibit 
a similar trend for all PE nanocomposites. Both Mw and Mn were found to decrease after photo-
oxidation as a result of chain scission reactions. The decrease in Mw for (PE+P) during photo-
oxidation is 74% whereas it is 89% for (5C+P) and 88% for (7C+P). The change in Mn is similar 
to that of Mw during photodegradation. As a result of microbial consumption of low molecular 
weight polymers during biodgerdation, the average Mw and Mn values increase after 
biodegradation. These observations also suggest that the microbial attack is only superficial 
probably involving chain end carboxylic acids and the micro-organisms were not able to perturb 
the whole material volume during the experimental period. If they had perturbed the bulk volume, 
Mw would have decreased after biodegradation. It seems also that, within the experiment period, 
the observed microbial action was limited to the surface layer of the material.  
 
6.2.6.4 Aerobic biodegradation of PE 
 
The extent of biodegradation was evaluated in this work using a separate test in which the 
conversion of organic carbon in the sample to carbon dioxide (CO2) was measured. Schematic 
representation of abiotic degradation of a polymer is shown in Figure 6-38. Film samples were 
placed in a 2 L flask filled with wet mature compost and perlite. The CO2 produced during 
biodegradation was trapped in KOH solution, where K2CO3 was produced. The solution before 
and after CO2 absorption was titrated against HCl (c = 0.05 mol/dm3) with phenolphthalein as an 
indicator. Cumulative CO2 (mg) was plotted against the incubation time to investigate the rate of 
abiotic biodegradation of PE samples.  
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The rate of generation of CO2 during incubation is an indication of the rate of biodegradation of 
the sample. Cumulative CO2 was calculated according to the equation shown below.  
 
 
Cumilative CO2 = CO2 produced by the sample – CO2 produced by the control sample      6-1 
 (mg)                                     (mg) 
 
 
Results of biological tests, especially biodegradability tests, usually have larger variations than 
chemical analyses, and high reproducibility of such test results cannot be expected. Experience 
has shown that even under the same laboratory test conditions significantly different results can 
be obtained. Therefore, a relatively high deviation of the results is not surprising and can be 
accepted. 
 
 
Polymer + O2 +Biomass + nutrients 
 
 
 
CO2 + H2O + Bio mass + Low molecular weight substances + Polymer residues 
 
Figure 6-38: Schematic description of the aerobic biodegradation of a polymer 
 
 
 
Degradation 
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Figure 6-39: Cumulative CO2 emissions from PE and OPE during the incubation period 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-40: Cumulative CO2 emissions from PE and 2C during the incubation period 
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Figure 6-41: CO2 emissions form PE and its nanocomposites with pro-oxidant during the incubation period 
 
 
 
The results shown in Figure 6-39 indicate that the rate of biodegradation is higher in oxidised PE 
samples compared with that in unaged samples and the addition of pro-oxidant increases the rate 
of biodegradation further. After 100 days of incubation, oxidised OPE has generated 4.7 mg of 
CO2 more than that for unaged PE whereas oxidised PE has generated 2.0 mg of CO2 more than 
that for unaged PE. The addition of MMT into PE enhances the oxo-biodegradation process by 
making itself a better nutritious substrate for the microbial growth. Increase in clay concentration 
increases the rate biodegradation up to 5 wt% clay (5C) as previously shown with GPC and FTIR 
results. (5C+P) sample has generated 10.3 mg of CO2 more than that produced by (PE+P) film 
sample. So it can be clearly seen that MMT increases the rate of biodegradation. Also these 
results show that the biodegradation trend in the composting environment is quite similar to that 
in the synthetic growth medium, which is generally used for other biodegradation experiments. 
 
Albertsson and Karlsson (1990) studied the 14C LDPE biodegradation in soil over a period of 10 
years. They observed that micro-organisms in soil consumed between 0.2 and 5.7% of polymeric 
carbon for CO2 production. The maximum amount of CO2 production measured from untreated 
PE incubated with Fusarium redolens in soil was around of 0.2 wt% per year. At the same time, 
in 42-day UV-treated PE samples, it is between 1.3 and 5.7 wt% of the polymeric carbon. For PE 
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irradiated for seven days, the degradation rate is found to be about 0.042% per month. They also 
concluded that PE degradation depends on the concentration of the additives and the degree of 
molecular oxidation. 
 
6.2.6.5 Anaerobic biodegradation of polyethylene 
 
The anaerobic biodegradation test was carried to out to investigate whether PE and its blends can 
be degraded in an environment with low oxygen concentration. Since Pseudomonas aeruginosa 
is a facultative bacterium it should be capable of living in an environment with low oxygen 
concentration, which is similar to the environmental conditions found in landfill sites. 
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Figure 6-42: FTIR spectrum (1500–2000 cm-1) of 5C sample during aerobic and anaerobic  
oxo-biodegradation 
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Figure 6-43 : FTIR spectrum (1500–2000 cm-1) of 5C+P sample during aerobic and anaerobic  
oxo-biodegradation 
 
 
Figure 6-42 and 6-43 show the FTIR results for oxo-biodegraded 5C and (5C+P) film samples, 
respectively biodegraded under aerobic and anaerobic conditions. It can be seen clearly that the 
Pseudomonas aeruginosa is able to utilise the polymer under anaerobic conditions also but at a 
rate lower than that observed for aerobic conditions irrespective of the additive used in the PE 
blends (such as MMT and pro-oxidant). For 5C sample, the decrease in carbonyl absorbance is 
25% under aerobic conditions after eight weeks of biodegradation, whereas under anaerobic 
conditions it is only 10%. Although there is a continuous biodegradation under anaerobic 
conditions, the biodegradation rate is significantly lower than that under aerobic conditions. 
 
The carbonyl consumption rate pattern observed for the anaerobic condition is also lower than 
that for aerobic biodegradation (Figure 6-44). The molecular weight distribution curves for 
(5C+P) sample subjected to both anaerobic and aerobic conditions again confirm the observations 
from FTIR results (Figure 6-45). The molecular weight distribution for the sample that has 
undergone biodegradation under aerobic conditions has shifted more towards the higher 
molecular weight fragments compared with the curve for the sample subjected to anaerobic 
conditions, because of greater consumption of low molecular fragments by bacteria. ESEM 
images of biofilms obtained under aerobic and anaerobic conditions also show that the bacteria 
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are likely to colonise more on the oxidised film samples under aerobic conditions than those 
under anaerobic conditions due to higher bacterial growth rate in the presence of oxygen (Figure 
6-46). 
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Figure 6-44: Comparison of carbonyl consumption of oxidised PE films with different formulations under 
aerobic and anaerobic conditions 
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Figure 6-45: Molecular weight distribution of 5C+P during aerobic and anaerobic oxo-biodegradation 
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Figure 6-46: ESEM images of bio-films on (a) PE (b) 5C and (c) 5C+P 
 (i) aerobic conditions (ii) anaerobic conditions 
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6.2.7 Effect of compatibiliser on oxo-biodegradation of PE nanocomposites 
 
MMT/low-density PE (LDPE) nanocomposites were produced in this part of the study by 
adjusting the compatibility of the blend system. PE grafted maleic anhydride (PMMA) was used 
as the compatibiliser in this study to improve the compatibility between hydrophobic PE and 
hydrophilic MMT,  and achieve better properties through the proper mixing of these two 
components. Influence of MMT on the oxo-biodegradation process of PE nanocomposites has 
been discussed in the earlier sections of this chapter. This section focuses on the effect of 
compatibiliser on the oxo-biodegradation of PE nanocomposites. Since PE nanocomposites 
cannot be prepared without a comaptibiliser, the effect of the compatibiliser (PMMA) on oxo-
biodegradation of PE nanocomposites was monitored using PE film samples with the 
compositions shown in Table 6-9. 
 
Table 6-9: Composition of PE films used in this section of the study 
 
PE PE-gMA Pro-oxidant Sample name 
(wt %) (wt %) (wt %) 
PE 100 - - 
PE+F   95 5 - 
PE+P 98 - 2 
PE+P+F 93 5 2 
 
 
It has been found that, in the presence of heat and UV light, PMMA can undergo chain scission 
reactions through the formation of radicals. These radicals end up as carbonyl and hydroxyl 
groups by the Norrish reactions (Dintcheva, Malaika & Mantia 2009; Kolawole 1982). At the 
same time, PMMA radicals can further enhance the radical formation in the polymer matrix. 
Those findings are confirmed by the FTIR results shown in Figure 6-47, which indicates the 
carbonyl absorbance of the sample with PMMA is 40% higher than that of the sample without 
PMMA. Similar changes can be observed in the hydroxyl region as well.  
 
As a result of the enhancement of the photo-oxidation process in the presence of the 
compatibiliser (PMMA), a higher fraction of low molecular weight polymer fragments will be 
produced during photo-oxidation. Molecular weight distributions of (PE+P) (without PMMA) 
and (PE+P+F) (with PMMA) samples show that the curve for the PE sample with compatibiliser 
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has shifted more towards the low molecular weight fragments when compared with the curve for 
the other sample (Figure 6-48). 
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Figure 6-47: FTIR spectrum (1500–4000 cm-1) of PE and PE+F+P after 10 days of irradiation 
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Figure 6-48: Molecular weight distribution of PE and PE+F+P after 10 days of irradiation 
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Figure 6-49: Comparison of rate of carbonyl change during oxo-biodegradation with and without 
compatibiliser 
 
 
When considering the biodegradation stage of oxo-biodegradation of PE nanocomposites, the 
sample with PMMA has shown a higher rate of biodegradation. The reason is made clear by the 
ESEM images of bio-films. It can be seen from Figure 6-50 that bacteria are more likely to 
colonise the oxidised PE film samples with PMMA rather than the samples without PMMA. This 
is because of the availability of more nutrients and hydrophilicity of the samples with PMMA as 
a result of a higher photo-oxidation rate in their. 
 
B 
It can be seen from the above results that, while the compatibiliser does not play a major role in 
the overall oxo-biodegradation mechanism, it does have a dramatic and beneficial effect on the 
rate of oxo-biodegradation of PE nanocomposites. A similar effect of PMMA on PE/MMT 
nanocomposites was observed by Dintcheva, Malaika & Mantia (2009) recently.        
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Figure 6-50: ESEM images of bio films formed on oxidised film samples during biodegradation (a) PE  
(b) PE+F (c) PE+P (d) PE+P+F 
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6.2.8 Modification of MMT to improve the oxo-biodegradation of PE 
nanocomposites 
 
Na-MMT, which is an unmodified MMT, was modified in this study with polyethylene glycol 
monolaurate (PEG-ML) and 18-crown-6-ether (crown ether) as organic modifiers and used in the 
preparation of PE nanocomposites. These nanocomposites were then subjected to oxo-
biodegradation. The effect of modified MMT on oxo-biodegradation is then compared with the 
effect of MMT modified with ammonium salt. Previous studies have found that iron (III), nickel 
(II) and copper (II) accelerate the polymer degradation due to the photo-initiation by the transient 
metal atom as discussed in section 2.5.3. Elemental analysis of commercial pro-oxidant used in 
this work has revealed that it consists of cobalt transition metal. So in this study an attempt was 
made to replace Na+ ion in the interlayer of clay with Co2+ and use the modified clay to enhance 
photo-oxidation. This section provides the details of the attempt made to synthesise the pro-
oxidant in the interlayer space of MMT with PEG-ML and crown ether and then with the Co2+ 
ion. Details of the organic modifiers used in this study are shown in Table 6-10. The PE 
nanocomposites used in this part of the study were prepared with 93 wt% PE, 5 wt% fusabond 
and 2 wt% modified MMT. Compostions of the PE nanocomposites used are summarised in 
Tables 6-11 and 6-12. 
 
 
 
Table 6-10: Details of the organic modifiers used to prepare PE nanocomposites in this section 
 
Sample Organic modifier 
PE- Cloisite 15A Quaternary ammonium salt 
PE-Crown ether Crown ether 
PE-Crown ether -Co2+ Crown ether and Co2+ 
PE-PEG-ML PEG-ML 
PE-PEG-ML-Co2+ PEG-ML and Co2+ 
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Table 6-11: Composition of the PE nanocomposites (2 wt%) used in this study with synthesised pro-oxidant 
 
PE PE-gMA 
 
Sample name 
(wt %) (wt %) 
Pro-oxidant 
(wt %) 
Type of pro-
oxidant 
Closite 15A NC 93 5 2 Ammonium 
salt 
PEG-ML-Co2+ NC 93 5 2 PEG-ML 
and Co2+ 
Crown ether – Co2+  NC 93 5 2 Crown ether 
and Co2+ 
 
 
 
 
Table 6-12: Composition of the PE nanocomposites (2 wt%) prepared using organic modifiers (without Co2+) 
 
PE PE-gMA Sample name 
(wt %) (wt %) 
Modifier 
(wt %) 
Type of 
modifier 
Closite 15A NC 
 
93 5 2 Ammonium salt 
PEG-ML NC 93 5 2 PEG-ML 
Crown ether NC 93 5 2 Crown ether 
 
 
6.2.8.1 Exchange Na+ in MMT by Co2+  
 
As a first attempt to synthesise the pro-oxidants on the clay surface, the Na+ ions in the clay 
interlayer spaces have been replaced with Co2+ ions by the conventional boiling technique 
mentioned in Chapter 3. The replacement of Na+ by Co2+ ions in the interlayer space was 
confirmed using atomic absorption data shown in Table 6-13. It can be seen that Na+ ion 
concentration is increasing with the increase in Co2+ concentration used to modify the clay. So it 
proves that Co2+ can effectively replace the Na+ ions in the clay galleris.Then MMT with Co2+ 
ions was treated with PEG-ML and crown ether as explained in section 3.6.6.1 to synthesise the 
pro-oxidant in the interlayer space. 
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Table 6-13: Na+ concentration leached with different percentages of Co2+ 
 
Co2+ percentage Na+ concentration (ppm) 
10% 1.402 
    
20% 1.4107 
    
40% 1.7751 
 
 
 
6.2.8.2 Morphology and mechanical properties of nanocomposites with modified 
clay 
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Figure 6-51: XRD pattern of unmodified MMT and PE nanocomposites with modified clay 
 
 
X-ray diffraction patterns of unmodified MMT and PE nanocomposites prepared with modified 
MMT are shown in Figure 6-51. The d-spacing for unmodified MMT was determined using 
Bragg’s Law, (nλ = 2d sin θ) to be 1.18 nm as 2θ was 7.50°. A shift to lower angles of the 
characteristic peak represents the formation of intercalated structure for both nanocomposites 
with modified clay. These results indicate that the silicates were dispersed in the polymer matrix 
but retained the stacked structure of the pristine clay. Interlayer space is found to be 1.5 and 1.6 
nm for nanocomposites with clay modified by PEG-ML and crown ether, respectively. The 
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increase in d-spacing for polymer nanocomposites in comparison to unmodified MMT shows that 
the silicate layers have expanded because of the intercalation of polymer chains into the gallery 
spaces. These results confirm both PEG-ML and crown ether can act as intercalants in the 
preparation of PE nanocomposites. 
 
Yao et al (2002) observed the interaction between the alkali (sodium and potassium) cations in 
the clay with crown ethers and cryptands. The oxygen atoms in crown ethers are capable of 
acting as Lewis bases due to the presence of the lone pairs. 18-Crown-6-ether has 6 ethylene 
oxide sub-units, which have a strong attraction to interact with cations. 18-Crown-6-ether also 
has high-binding capacity for inorganic cations such as Na+ and K+ ions through the lone pairs in 
those sub-units (Figure 6-52). Therefore, crown ether is susceptible to binding with sodium ion in 
the MMT. Sodium ions have an ionic radius, which is the same as the inner radius of the crown 
ether. The crown ether is said to absorb sodium ions in the clay gallery and expand the interlayer 
distance of MMT. 
 
XRD results shown above indicate that the increase in interlayer spacing of PE nanocomposites is 
marginal. Since crown ether does not have a long hydrocarbon chain that can make interactions 
with the PE, it has less chance to exfoliate the clay layers. On the other hand, the clay that was 
treated with PEG-ML., intercalated comparatively better because ethylene oxide in PEG-ML can 
have an electrostatic attraction with both Co2+ and Na+ ions in the interlayer space as shown in 
Figure 6-53. Moreover the hydrocarbon chain in PEG-ML enhances its compatibility with the PE 
molecule, which will lead to better intercalation. 
 
 
 
Figure 6-52: Reaction mechanism of crown ether and Na+ in MMT 
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Figure 6-53: Reaction mechanisms PEG-ML and Na+ in MMT 
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Figure 6-54: TGA traces of PE nanocomposites with different types of modified clays 
 
 
TGA analysis of PE nanocomposites with modified clays was carried out to study their thermal 
stability. The thermal decomposition of alkyl ammonium salts in the clay is known to take place 
according to the Hoffmann mechanism leading to the volatilisation of ammonia and 
corresponding olefin, which leads to the instability of nanocomposites. 18-Crown-6-ether is 
thermally more stable than PEG-ML. The thermal stability of PEG-ML is lower than that of 
crown ether especially at high temperatures (Figure 6-54). However, mechanical and barrier 
properties of PE-crown ether and PE-PEG-ML nanocomposites are comparable with those of the 
PE-cloisite nanocomposites as shown in Table 6-14. Comparatively, PE-PEG-ML nanocomposite 
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has shown highest tensile strength than others. This may be due to the interaction (H bond 
formation) between the oxygen atoms in PEG-ML and –OH groups in MMT. 
 
 
Table 6-14: Comparison of mechanical and barrier properties of PE and its nanocomposites with different 
modifiers 
 
Mechanical property PE PE-Cloisite 15A PE-crown ether PE-PEG-ML 
Tensile strength 
(MPa) 16.92 22.25   25.53 26.80 
Oxygen permeability 
(cm3.mm/m2/.day.atm) 202.41 181.74 152.56 167.85 
 
 
6.2.9 Oxo-biodegradation of PE nanocomposites with modified clay 
 
The effect of modified clay on the photo-oxidation and biodegradation processes was studied by 
using the same analytical techniques used for PE-MMT nanocomposites. The following section 
illustrates the effect of using modified clay on biodegradation. 
 
6.2.9.1 Effect of modified clay on photo-oxidation 
 
PE nanocomposites prepared with 2 wt% modified MMT using different modifiers were 
subjected to photo-oxidation. Figure 6-55 depicts the carbonyl index values of different PE 
nanocomposites at various times of photo-oxidation. It can be seen that the CI value for all the 
samples increases with time irrespective of their composition. As discussed in section 6.2.5.2, the 
addition of MMT has increased the rate of photo-oxidation and the addition of pro-oxidant 
increases it further. 
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Figure 6-55 : Carbonyl index values of PE films with different compositions during photo-oxidation 
 
 
It is interesting to observe that the MMT modified with crown ether and PEG-ML also enhances 
the photo-oxidation process. The PE nanocomposites with crown-ether modified exhibits an 
increased CI value, which is similar to that of 2C while the CI value of the nanocomposite with 
PEG-ML modified clay is comparatively lower. But the addition of Co2+ into PEG-ML PE 
nanocomposites enhances its effect on photo-oxidation. The rate of photo-oxidation in this case 
reaches up to the level of the 2C+P sample, which has the highest enhancement in the photo-
oxidation process. On the other hand, the addition of Co2+ into PE-crown ether nanocomposites 
does not increase the photo-oxidation rate as expected. It can be due to the limited action of Co2+ 
due to steric hindrance of crown ether molecular structure. According to these results, PEG-ML-
Co2+ complex is the most efficient in the generation of radicals that enhance the photo-oxidation 
of the polymer matrix. The rate of photo-oxidation increases with an increase in the PEG-ML 
concentration used to modify the unmodified MMT.  PE nanocomposites with 5 wt % PEG-ML 
have shown a higher rate of photo-oxidation compared with PE nanocomposites with 2 wt % 
PEG-ML (Figure 6-56). Also the rate of photo-oxidation is increasing with an increasing Co2+ 
amount used to ion exchange Na+ in the unmodified MMT interlayer (Figure 6-57). 
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Figure 6-56: Changes in CI of PE and PE-PEG-ML during photo-oxidation 
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Figure 6-57: Changes in C.I of PE –PEG-ML and PE-PEG-ML-Co2+ during photo-oxidation 
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Both crown ether and PEG-ML consist of ethylene oxide (-CH2-O-CH2-) units which are 
responsible for the photo-oxidtion. The mechanism of polyethylene oxide (PEO) photo-oxidation 
is shown in Figure 6-58.  
 
 
 
 
Figure 6-58: Mechanism of photo-oxidation of polyethylene oxide 
 
 
During the photo-oxidation of PEO, ethylene oxide units absorb the UV radiation and generate 
free radicals. The main photo-oxidation products are macromolecules containing ester groups 
(structure V) within the chains as well as formate end groups (structure VI). The formation of 
carbonyl groups is preceded by the generation of unstable hydroperoxides (III), which easily 
undergo photolysis producing hydroxyl and alkoxy radicals (IV). These radicals will accelerate 
the radical formation within the PE matrix thereby enhancing the photo-oxidation process 
(Kaczmarek et al 2007). 
 
The rate of carbonyl formation results for all the samples used in this study are summarised in 
Figure 6-59 to determine the sample that has been influenced the most by the photo-oxidation. It 
can be seen that the photo-oxidation rate of PE is enhanced in the presence of compatibiliser and 
MMT. The addtion of commercial pro-oxidant into PE and PE nanocomposites increases the rate 
of photo-oxidtaion significantly. The PEG-ML and crown ether intercalants also contribute to the 
radical formation and enhance photo-oxidtaion. The pro-oxidant complexes synthesised with 
these intercalants namely, PE crown-etehr-Co2+ amd PE-PEG-ML-Co2+ also enhance the photo-
oxidation to the same level as that for commercial pro-oxidant. But PE-PEG-ML-Co2+ complex 
helps to achieve a higher photo-oxidation rate than PE crown-ether-Co2+. 
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Figure 6-59: Rate of carbonyl formation of PE and all other compositions used in this study during the photo-
oxidation (10 days) 
 
 
Molecular weight distribution curves of seven days irradiated PE nanocomposites with modified 
clay are shown in Figure 6-58. These results confirm the results obtained in FTIR analysis. 
Molecular weight distribution curves for all PE nanocomposites with different organic modifiers 
(2C+P, PE-PEG-ML-Co2+ and PE-Crown ether-Co2+) shift to low molecular weight fragments 
compared with molecular weight distribution of pure PE, indicating a larger fraction of low 
molecular weight fragments. The 2C+P and the PE-PEG-ML-Co2+ samples are found to have 
similar molecular weight distribution, which again confirms that they are oxidised to a similar 
extent. PE-Crown ether Co2+ generats significantly higher amount of low molecular weight 
polymer fragments as compared to PE, but less than those for (2C+P) and PE-PEG-ML-Co2+ 
samples. 
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Figure 6-60: Molecular weight distribution for 7 days irradiated PE nanocomposites with modified clay 
 
 
6.2.9.2 Thermal analysis 
 
 
Table 6-15: Summary of the thermal measurement results of PE and its nanocomposites before  
photo-oxidation 
 
Sample 
Crystallisation 
temperature 
Crystallisation 
enthalpy 
Melting 
temperature 
Melting 
enthalpy Crystallinity 
 Tc ( ◦C) ∆Ηc (J/g) Tm ( ◦C) 
∆Ηf 
(J/g) Xc (%) 
PE-Crown ether 
 100.75 86.72 113.32 124.5 44.62 
PE-Crown ether-
Co2+ 101.01 89.74 113.41 130.2 46.67 
PE-PEG-ML 
 100.85 87.28 113.24 125.7 45.05 
PE-PEG-ML-
Co2+ 101.09 91.77 113.22 132.7 47.56 
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Table 6-16: Summary of the thermal measurements of PE and its nanocomposites after 7 days of 
photo-oxidation 
 
Sample 
Crystallisation 
temperature 
Crystallisation 
enthalpy 
Melting 
temperature 
Melting 
enthalpy Crystallinity 
 Tc ( ◦C) ∆Ηc (J/g) Tm ( ◦C) 
∆Ηf 
(J/g) Xc (%) 
PE-Crown ether 
 102.92 88.11 114.55 130.2 47.17 
PE-Crown ether- 
Co2+ 102.51 132.8 116.5 144.9 52.50 
PE-PEG-ML 
 103.85 129.3 113.66 134.7 48.80 
PE-PEG-ML- 
Co2+ 103.7 104.9 114.82 159.9 57.93 
 
 
 
DSC measurements were used for the estimation of temperatures characterising the melting (Tm) 
and crystallisation (Tc) and enthalpy of fusion (∆Hm) of PE nanocomposites with modified MMT. 
These measurements are summarised in Tables 6-15 and 6-16 for samples before and after 7 days 
of photo-oxidtaion. Crystallinity of nanocomposites during photodegradation is calculated on the 
basis of ∆Hm. As a result of increasing crystallinity due to chemi-crystalisation, as discussed in 
section 6.2.5.4, both Tm and Tc increase after the photo-oxidation. Increase in crystallinity is also 
an evidence of chain scission reactions occurring during photo-oxidation. PE-PEG-ML-Co2+ has 
experienced a higher crystallinity increase (21%) compared with its unaged samples indicating 
that it has undergone the highest rate of photo-oxidation. Also it can be clearly seen that 
nanocomposites containing Co2+ have a greater enhancemenet in crystallinity during the photo-
oxidation than the samples without Co2+. When comparing the crystallinity of unaged samples, 
initial crystallinity values of Co2+ containing samples are than those for samples without Co2+. 
This observation suggests that the samples with Co2+ undergo oxidation to some extent even 
during the melt processing due to the higher oxidation ability of Co2+. Solomon (1968) has shown 
Co2+ /MMT complex is more active in the radical formation mechanism in the polymer matrix 
than Na+ /MMT. 
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6.2.9.3 Effect of modified clay on biodegradation 
 
Carbonyl index values for nanocomposites with modified clay are compared with those of PE and 
other samples in Figure 6-61. The trend observed in biodegradation is similar to that observed in 
the photo-oxidation process. It can be seen that CI values for PE change very little during the 
biodegradation compared with those for PE nanocomposites with modified MMT. The addition 
of MMT increases the rate of biodegradation due to the higher rate of photo-oxidation, which 
generates more suitable substrate for micro-organisms as discussed in section 6.2.4. When 
comparing the oxo-biodegradable PE nanocomposites with commercial pro-oxidant with 
nanocomspoites with synthesised pro-oxidants, (2C+P) has a higher rate of photo-oxidation, 
which is reflected in the 48% decrease of carbonyl index value after biodegradation. On the other 
hand, the decrease in CI value of PE-PEG-ML Co2+ during biodegradation is 50%, although this 
material has a relatively low photo-oxidation rate compared with the (2C+P) sample (Figure 
6-61). These results suggest that PEG-ML modified MMT has become a better substrate for 
microbial growth. It can be confirmed by the results shown in Figure 6-62. It can be seen that PE 
nanocomposites with 5 wt% PEG-ML MMT have experienced a 45% decrease in CI while the 
nanocomposites with 2 wt% PEG-ML have experienced a 25% decrease. These results are 
confirmed by the ESEM images shown in Figure 6-63. The higher biodegradation rate in PE 
nanocomposites with PEG-ML may be due to its hydrophilic nature, which will help to absorb 
the moisture and make a wet environment for microbial growth. 
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Figure 6-61: Carbonyl indexe values of PE films with different compositions during biodegradation 
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Figure 6-62: Changes in CI for PE-PEG-ML during photo-oxidation and biodegradation 
 
 
 
 
 198 
 
 
                (a)                       (b)  
 
                                             
 
 
 
 
 
 
 
 
 
 
                                                                         ( c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  
                    (d)         (e) 
 
 
Figure 6-63: ESEM images of PE-PEG-ML (2 wt %) (b) of PE-PEG-ML (5 wt %) 
 (c) PE-PEG-ML (2 wt %) - Co2+ (d) PE-Crown ether (e) PE-Crown ether –Co2+ 
 
 
 
 199 
The rate of carbonyl consumption (rate of biodegradation) for all the samples used in this study 
are summarised in Figure 6-64 to determine the sample that has been influenced the most by the 
biodegradation. It can be clearly seen that, in the presence of compatibiliser and MMT, the rate of 
biodegradation increases. MMT provides a better substrate for microbial growth and also 
enhances the radical formation in the polymer matrix during photo-oxidtion. PMMA 
(compatibilser) also enhances the radical formation in the PE matrix. The addtion of commercial 
pro-oxidant into PE and PE nanocomposites increases the rate photo-oxidtaion significantly 
thereby enhances the rate of biodegradation. The PEG-ML and crown ether intercalants also 
enhance the photo-oxidtaion and therefore enhance the rate of biodegradation. The pro-oxidant 
complexes synthesised namely, PE crown-etehr-Co2+ and PE-PEG-ML-Co2+ also enhance the 
rate of biodgerdation. But PE-PEG-ML-Co2+ complex helps to achieve a much higher 
biodegradatation rate than PE crown-ether-Co2+ by providing a better substrate for microbial 
growth. 
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Figure 6-64: Rate of carbonyl consumption of PE and all other compositions used in this study during the 
biodegradation (8 weeks) 
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6.3 Conclusions 
 
It has been found that the addition of specialised pro-oxidants in PE films accelerates the 
breakdown of PE but biodegradability of such materials is strongly disputed. But since clay has 
an ability to facilitate the biodegradation, those additives can be added in to PE nanocomposites 
to enhance the overall oxo-biodegradation; they also have better mechanical and thermal 
properties than pure PE. Addition of pro-oxidant into PE nanocomposites increases the rates of 
both photo-oxidation and biodegradation when compared with those for pure PE and oxo-
biodegrdable PE (PE+P). The rate of photo-oxidation in oxo-biodegradable PE nanocomposites 
(PE nanocomposites with pro-oxidant) increases only up to 5 wt % clay and at higher clay 
concentrations, the rate decreases. The reason may be the limited action of pro-oxidant in those 
nanocomposites due to low oxygen permeability or recombination of polymer alkyl radicals at 
higher radical concentration. 
 
Synthesised pro-oxidants namely, crown ether–Co2+ and PEG-ML-Co2+ also enhance the rate of 
photo-oxidation significantly rate when compared with that for commercial pro-oxidant. But 
PEG-ML-Co 2+ has shown the highest rate of photo-oxidation. The biodegradation process 
facilitated by the PEG-ML and the PE nanocomposite with PEG-ML-Co 2+ pro-oxidant complex 
has shown the highest rate of biodegradation due to the hydrophilic nature of PEG-ML . 
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7 Chapter 7 Conclusions and Recommendations 
 
7.1 Conclusions 
 
The dramatic increase in the production and lack of biodegradability of commercial polymers, 
particularly commodity plastics used in packaging and agriculture industries, focused public 
attention on a potentially huge environmental accumulation and pollution problem. In the past 10 
years, several biodegradable plastics have been introduced into the market. However, none of 
them is efficiently biodegradable in landfills. For this reason, biodegradable plastic represents 
just a tiny market compared with the conventional petrochemical material. Although not widely 
in use today, bio-plastics such as polylactic acid (PLA) biodegrade quickly under composting 
conditions and do not leave toxic residue. However, bio-plastics can have their own 
environmental impacts depending on the way they are produced. So there is an urgent need to 
develop efficient biodegradable polymers and their products to solve this global issue of plastic 
pollution. Therefore, the major focus of this work is on developing a fundamental understanding 
of the oxo-biodegradation mechanism and improving the oxo-biodegradation of PE. Also an 
attempt has been made to understand the structure–property relationship of PE nanocomposites to 
obtain optimal performances from them. The findings from this work will be useful to design 
more environmentally friendly PE material in future. 
 
The following conclusions are drawn from the work carried out: 
 
1. UV irradiation leads to the formation of low molecular weight compounds with various 
functional groups (mainly carbonyl and hydroxyl) in both PE and OPE samples during 
photo-oxidation. 
 
2. Carbonyl index of PE and OPE increase with time in both materials but the increase is 
significantlty higher in OPE compared with PE. Molecular weight of the polymer 
decreases with an increase in the number of carbonyl groups attributed to the occurrence 
of chain scission reactions during photo-oxidation. The molecular weight reduction for 
OPE after photo-oxidation is found to be 84% higher than that for oxidised PE. 
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3. In the biodegradation, Pseudomonas aeruginosa, a very common soil bacterium, forms a 
biofilm on oxidised polymer films indicating their ability to continue growth. The 
presence of protein and polysaccharides, the usual metabolites produced by micro-
organisms during their metabolism, proves the growth of micro-organisms on oxidised 
film samples. 
 
4. The decrease in the carbonyl index and shifting of the molecular weight distribution curve 
towards high molecular weight polymer fragments after the bio-degradation shows that 
Pseudomoans aeruginosa is able to utilise the low molecular weight polymer fragments 
produced during photo-oxidation.  
 
5. The average molecular weight of the polymer increases after biodegradation attributed to 
the consumption of low molecular weight polymer fragments by the bacteria. Microbes 
can only utilise the polymer fragments on the surface of the polymer as they are not able 
to enter the bulk of the polymer, hence the average polymer molecular weight increases. 
 
6. A higher rate of biodegradation occurs in the OPE than in the PE sample, due to a higher 
rate of photo-oxidation. A higher rate of photo-oxidation leads to the production of lower 
molecular weight polymer fragments with hydrophilic groups, which makes the polymer 
substrate more suitable to micro-organism growth. Both abiotic and biotic degradations 
are more prominent in the amorphous regions of the polymer. 
 
7. Low-density PE nanocomposites prepared by melt intercalating montmorillonite clay and 
maleic anhydride compatibiliser has enhanced compatibility between the polymer and 
clay, and leads to homogenous dispersion of clay in the polymeric matrix. Loading the PE 
with nano-clay improves the mechanical, thermal and gas barrier properties of the 
polymer. 
 
8. The complex viscosity of PE nanocomposites increases with clay concentration due to 
strong interactions between the organically modified clay and polymer (especially at low 
freqencies). However, the addition of clay does affect the processing of PE 
nanocomposites, attributed to the shear rates present during processing. 
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9. Montmorillonite clay at up to 5 wt% clay increases the rate of photo-oxidation of PE 
nanocomposites and decreases the photo-oxidation rate beyond that concentration. The 
rate of photo-oxidation increases with an increase in clay concentration due to the 
presence of Fe in MMT. Also, the decomposition of alkyl ammonium ions in MMT 
creates olefins and acidic sites on the clay surface, which can accelerate the radical 
formation in the polymer matrix. The dispersion state of the clay particles in the polymer 
matrix has no influence on the photo-oxidative degradation of the polymeric matrix. Also, 
the addition of clay does not alter the photo-oxidation mechanism of PE. 
 
10. Increasing clay concentration in PE nanocomposites significantly enhances the bio-film 
formation, decreases the CI and shifts the molecular weight distribution curve more 
towards the higher molecular weight scale, attributed to that the nanocomposite providing 
a better substrate than the pure polymer for the micro-organisms’ growth, thereby leading 
to a higher polymer biodegradation rate. 
 
11. The addition of pro-oxidant into PE nanocomposites further increases the rates of both 
photo-oxidation and biodegradation due to the higher rate of photo-oxidation. The rate of 
photo–oxidation in oxo-biodegrdable PE nanocomposites (PE nanocomposites with pro-
oxidant) increases with an increase in clay concentration up to 5 wt% clay and for higher 
clay concentration, the rate decreases, attributed to  the limited action of pro-oxidant due 
to low oxygen permeability, or to the recombination of polymer alkyl radicals at higher 
radical concentrations.  
 
12. The biodegradation rate of oxo-biodegradable PE nanocomposites is also higher than 
those for PE, OPE, and PE nanocomposites. This is mainly due to a higher rate of photo-
oxidation and the generation of better substrate (pH maintained, wet, and nutrients 
abundant) that is suitable for the microbial growth in the presence of the clay. 
Pseudomonas aeruginosa prefer to colonise on oxidised oxo-biodegradable 
nanocomposites than other samples. 
 
13. Maleic anhydride, the compatibiliser in PE nanocomposites, also enhances the radical 
formation in the polymer matrix thereby contributing to the increase of oxo-
biodegradation of PE nanocomposites. 
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14. Since Pseudomonas aeruginosa is a facultative bacterium it can survive under low 
oxygen concentrations and continue the biodegradation at a relatively lower rate than that 
under aerobic conditions. This observation suggests that the biodegradation of PE will 
continue by Pseudomonas aeruginosa even in landfill sites where the oxygen 
concentration is relatively low. 
 
15. Use of Crown ether–Co2+ and PEG-ML-Co2+ pro-oxidant complexes as a clay intercalant 
in PE nanocomposites reduces the number of components required to prepare oxo-
biodegradable PE nanocomposites.  
 
16. PE nanocomposites with the above-mentioned two pro-oxidant complexes enhance the 
rate of photo-oxidation significantly compared with that for PE. Especially PEG-ML –
Co2+ complex has a higher rate of photo-oxidation than that for the Crown ether complex. 
PEG-ML–Co2+ complex also leads to a photo-oxidtaion rate that is similar to that of the 
commercial pro-oxidant. 
 
17. The biodegradation of PEG-ML and PE nanocomposites with PEG-ML-Co2+ pro-oxidant 
complex shows higher rate of biodegradation for these two samples as compared to other 
samples. The presence of –OH groups in PEG-ML makes the polymer substrate more 
hydrophilic, thus making it more vulnerable to micro-organisms. 
 
18. More environmentally friendly biodegradable PE can be developed by mixing PE with the 
MMT modified with PEG-ML-Co2+. This offers a viable solution for the accumulation of 
PE waste in the environment, which is identified as a critical environmental problem at 
present. 
 
 
 
 
 
 
 205 
7.2 Recommendations 
 
The following are the recommendations for possible further work: 
 
• Identify other species of micro-organisms that could act directly on the polymer surface 
and utilse the polymer more efficiently, especially at low oxygen concentrations. 
• The biodegradation rate should be measured with more advanced techniques with 
properly designed set-ups for more accurate quantitative data. 
• Use more advanced methods rather than conventional boiling technique in the clay 
modification. 
• Synthesise new pro-oxidant complexes to achieve a higher oxo-biodegradation rate and 
intercalation in the PE nanocomposites.  
• Develop a mathematical model for the oxo-biodegradation of PE nanocomposites. 
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